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Abstract  
 
Sol-gel synthesis in varied gravity is only a relatively new topic in the literature and further 
investigation is required to explore its full potential as a method to synthesise novel materials.  
Although trialled for systems such as silica, the specific application of varied gravity synthesis to 
other sol-gel systems such as titanium has not previously been undertaken.  Current literature 
methods for the synthesis of sol-gel material in reduced gravity could not be applied to titanium sol-
gel processing, thus a new strategy had to be developed in this study. 
To successfully conduct experiments in varied gravity a refined titanium sol-gel chemical 
precursor had to be developed which allowed the single solution precursor to remain un-reactive at 
temperatures up to 50oC and only begin to react when exposed to a pressure decrease from a 
vacuum.  Due to the new nature of this precursor, a thorough characterisation of the reaction 
precursors was subsequently undertaken with the use of techniques such as Nuclear Magnetic 
Resonance, Infra-red and UV-Vis spectroscopy in order to achieve sufficient understanding of 
precursor chemistry and kinetic stability.  This understanding was then used to propose gelation 
reaction mechanisms under varied gravity conditions.  Two unique reactor systems were designed 
and built with the specific purpose to allow the effects of varied gravity (high, normal, reduced) 
during synthesis of titanium sol-gels to be studied.  The first system was a centrifuge capable of 
providing high gravity environments of up to 70 g’s for extended periods, whilst applying a 100 mbar 
vacuum and a temperature of 40-50oC to the reaction chambers.  The second system to be used in 
the QUT Microgravity Drop Tower Facility was also required to provide the same thermal and 
vacuum conditions used in the centrifuge, but had to operate autonomously during free fall.    
Through the use of post synthesis characterisation techniques such as Raman Spectroscopy, X-
Ray diffraction (XRD) and N2 adsorption, it was found that increased gravity levels during synthesis, 
had the greatest effect on the final products.  Samples produced in reduced and normal gravity 
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appeared to form amorphous gels containing very small particles with moderate surface areas.  
Whereas crystalline anatase (TiO2), was found to form in samples synthesised above 5 g with 
significant increases in crystallinity, particle size and surface area observed when samples were 
produced at gravity levels up to 70 g.  It is proposed that for samples produced in higher gravity, an 
increased concentration gradient of water is forms at the bottom of the reacting film due to forced 
convection.  The particles formed in higher gravity diffuse downward towards this excess of water, 
which favours the condensation reaction of remaining sol gel precursors with the particles 
promoting increased particle growth.  Due to the removal of downward convection in reduced 
gravity, particle growth due to condensation reaction processes are physically hindered hydrolysis 
reactions favoured instead.  Another significant finding from this work was that anatase could be 
produced at relatively low temperatures of 40-50oC instead of the conventional method of 
calcination above 450oC solely through sol-gel synthesis at higher gravity levels.  
It is hoped that the outcomes of this research will lead to an increased understanding of the 
effects of gravity on chemical synthesis of titanium sol-gel, potentially leading to the development of 
improved products suitable for diverse applications such as semiconductor or catalyst materials as 
well as significantly reducing production and energy costs through manufacturing these materials at 
significantly lower temperatures. 
 
 
 
 
 
 
 
 
 
P a g e  | iii 
 
 
 
Table of Contents 
Abstract .......................................................................................................................................... i 
Table of Figures ........................................................................................................................... vii 
Table of Tables ............................................................................................................................. xi 
Keywords .................................................................................................................................... xii 
List of Abbreviations .................................................................................................................. xiii 
Statement of Originality .............................................................................................................xiv 
Acknowledgments ...................................................................................................................... xv 
1 Introduction ........................................................................................................................ 1 
1.1 Sol-gel chemistry in varied gravity .................................................................................. 1 
1.2 Thesis chapter summary ................................................................................................. 2 
1.3 Project Objectives, Approach and Outcomes ................................................................. 4 
1.4 Important contributions ................................................................................................. 4 
2 Literature Review ................................................................................................................ 6 
2.1 Experiments in varied gravity ......................................................................................... 6 
2.1.1 Parabolic Flights ...................................................................................................... 8 
2.1.2 Drop Towers .......................................................................................................... 10 
2.1.3 Centrifuges ............................................................................................................ 13 
2.2 History of sol-gel chemistry and processing – a brief overview ................................... 13 
2.3 Sol-gel physical and chemical formation mechanisms ................................................. 15 
2.3.1 Hydrolysis and condensation of metal alkoxide precursors ................................. 17 
2.3.2 Random Branch Theory and Polymerisation ........................................................ 19 
P a g e  | iv 
 
 
 
2.3.3 Syneresis ............................................................................................................... 20 
2.4 The sol gel chemistry of Titanium ................................................................................. 21 
2.4.1 Structural nomenclature ....................................................................................... 21 
2.4.2 Titanium tetra-isopropoxide ................................................................................. 23 
2.4.3 Hydrolysis and condensation inhibitors ................................................................ 25 
2.4.4 Comparison of titanium and silicon sol gel chemistry .......................................... 27 
2.5 The effect of solvent evaporation rates during gelation on sol-gel products .............. 28 
2.6 The effects of varied gravity on the sol gel process ...................................................... 30 
2.7 Instrumental characterisation ...................................................................................... 32 
2.7.1 Vibrational Spectroscopy ...................................................................................... 33 
2.7.2 Ultra-violet-Visible Spectroscopy .......................................................................... 35 
2.7.3 Nuclear Magnetic Resonance Spectroscopy ......................................................... 36 
2.7.4 EXAFS and XANES .................................................................................................. 36 
2.7.5 Rheology................................................................................................................ 37 
2.7.6 X-Ray Diffraction ................................................................................................... 38 
2.7.7 BET - Gas adsorption studies ................................................................................. 38 
2.8 Summary of findings ..................................................................................................... 41 
3 Design and engineering of experimental test systems ..................................................... 41 
3.1 Introduction .................................................................................................................. 41 
3.2 Reaction chamber ......................................................................................................... 42 
3.3 Hyper-gravity centrifuge - concept to construction ..................................................... 45 
3.3.1 Centrifuge Enclosure ............................................................................................. 45 
P a g e  | v 
 
 
 
3.3.2 Mechanical System ............................................................................................... 47 
3.3.3 Electrical System ................................................................................................... 50 
3.3.4 Vacuum System ..................................................................................................... 51 
3.4 Calculations and modeling of gravity field in centrifuge .............................................. 52 
3.5 Reduced Gravity Test system ........................................................................................ 59 
3.5.1 Data acquisition and control system ..................................................................... 61 
3.6 Normal Gravity Testing ................................................................................................. 65 
4 Experimental methodology ............................................................................................... 66 
4.1 Introduction .................................................................................................................. 66 
4.2 Precursor development ................................................................................................ 66 
4.2.1 Precursor considerations and experimental limitations ....................................... 68 
4.2.2 Reaction solvent and inhibitor consideration and selection ................................ 70 
4.3 Varied gravity experiments ........................................................................................... 72 
4.3.1 Centrifuge test operating procedure .................................................................... 75 
4.3.2 Reduced gravity test system operating procedure ............................................... 76 
4.4 Instrumental Characterisation ...................................................................................... 78 
4.4.1 Micro-Raman Spectroscopy .................................................................................. 78 
4.4.2 FT-Raman Spectroscopy ........................................................................................ 78 
4.4.3 Infrared Spectroscopy ........................................................................................... 79 
4.4.4 UV-Vis Spectroscopy ............................................................................................. 79 
4.4.5 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) ............................. 80 
4.4.6 Gas Chromatography – Mass Spectrometry ......................................................... 81 
P a g e  | vi 
 
 
 
4.4.7 Brookfield DV-III Rheometer ................................................................................. 82 
4.4.8 X-Ray Diffraction ................................................................................................... 82 
4.4.9 Thermo-gravimetric Analysis ................................................................................ 83 
4.4.10 N2 Adsorption ....................................................................................................... 83 
4.4.11 Transmission Electron Microscopy ....................................................................... 84 
5 Precursor Characterisation ............................................................................................... 86 
5.1 Introduction .................................................................................................................. 86 
5.2 Preliminary empirical experiments and observations .................................................. 86 
5.3 Structural confirmation with nuclear magnetic resonance and infrared spectroscopy
 89 
5.4 Precursor reaction formation mechanism and stoichiometry .................................... 101 
5.5 Viscosity and UV-VIS study of self-gelling samples ..................................................... 102 
5.6 Final precursor mixture selection ............................................................................... 108 
5.7 Evaporation test of sol-gel precursor and characterisation of reaction distillate ...... 110 
5.8 Conclusion ................................................................................................................... 119 
6 Titania sol-gel synthesis in varied gravity series ............................................................. 122 
6.1 Introduction ................................................................................................................ 122 
6.2 Experimental sample yield data .................................................................................. 123 
6.3 Vibrational Spectroscopy ............................................................................................ 124 
6.3.1 Infrared Spectroscopy ......................................................................................... 124 
6.3.2 Raman Spectroscopy ........................................................................................... 134 
6.4 X-Ray diffraction study of Ti series products .............................................................. 145 
P a g e  | vii 
 
 
 
6.5 Transmission electron microscopy ............................................................................. 150 
6.6 Nitrogen Adsorption Study - Determination of porosity and surface area ................ 153 
7 Summary of Research Findings, Conclusions and Future Work ..................................... 164 
7.1 Introduction ................................................................................................................ 164 
7.2 Discussion of Research Findings and Reaction Mechanism ........................................ 164 
7.3 Conclusions and Future Work ..................................................................................... 169 
7.4 References .................................................................................................................. 171 
8 Appendices ...................................................................................................................... 176 
8.1 Reduced gravity sol-gel data acquisition system code ............................................... 176 
8.2 Matlab code for gravity vector calculations and plots................................................ 182 
8.3 Centrifuge Standard Operating Procedure ................................................................. 184 
8.4 Reduced gravity test system electrical and pneumatic schematic ............................. 187 
8.5 Centrifuge electrical schematic ................................................................................... 188 
8.6 Nitrogen Adsorption Isotherms .................................................................................. 189 
 
Table of Figures 
 
Figure 2-1- Common methods for achieving reduced gravity ................................................................ 7 
Figure 2-2- Single parabola of a parabolic flight ..................................................................................... 9 
Figure 2-3-CAD Model representing drop tower components ............................................................. 11 
Figure 2-4- Operation of a drag shield during free fall ......................................................................... 12 
Figure 2-5- Sol-gel reaction pathways (adapted from Brinker)[27] ...................................................... 16 
P a g e  | viii 
 
 
 
Figure 2-6- Sol gel reaction mechanisms [27] ....................................................................................... 18 
Figure 2-7 – Representative model of syneresis [27] ........................................................................... 20 
Figure 2-8– Common coordination states of titanium ......................................................................... 21 
Figure 2-9 – Structural terminology of molecular complexes .............................................................. 22 
Figure 2-10- Q groups of silicon ............................................................................................................ 23 
Figure 2-11– Molecular structure of titanium (IV) tetra-isopropoxide ................................................ 24 
Figure 2-12 – Acetylacetone keto-enol tautomerisation ...................................................................... 27 
Figure 2-13 – Example of a Type I adsorption isotherm ....................................................................... 40 
Figure 3-1 – Reaction chamber – exploded views ................................................................................ 43 
Figure 3-2 – Reaction chamber with thin film of precursor .................................................................. 44 
Figure 3-3- Rotor enclosure frame ........................................................................................................ 46 
Figure 3-4- Centrifuge frame and external containment assembly ...................................................... 46 
Figure 3-5- CAD Models of motor and shaft mount assemblies ........................................................... 48 
Figure 3-6 – Mechanical assembly of centrifuge shaft, motor and pulley system (left), mechanical 
assembly as mounted in centrifuge enclosure (right) .......................................................................... 49 
Figure 3-7 – Plot of Theoretical and measured RPM at various % motor power values ...................... 49 
Figure 3-8 – Centrifuge control panel ................................................................................................... 50 
Figure 3-9 – Vacuum system connections ............................................................................................ 51 
Figure 3-10 – Vacuum system design schematic .................................................................................. 52 
Figure 3-11- Photo of cup incline at 20% motor power ........................................................................ 53 
Figure 3-12 – Used to define the geometric variables used for calculations in the x,y plane .............. 54 
Figure 3-13 – Geometry variables in the x,z plane ............................................................................... 55 
Figure 3-14 – RCF plots at various percentage motor powers ............................................................. 57 
Figure 3-15- RCF contour plot with measured overlay of gelled sample ............................................. 58 
Figure 3-16 – RGTS basic schematic ...................................................................................................... 60 
Figure 3-17 – Photos of RGTS system ................................................................................................... 60 
P a g e  | ix 
 
 
 
Figure 3-18 – Tattletale™ code operation flow chart ........................................................................... 62 
Figure 3-19 – Vacuum pressure vs. time for RGTS ................................................................................ 63 
Figure 3-20 – RGTS Acceleration vs. time  (top) expanded view of reduced gravity (bottom) ............ 64 
Figure 4-1- Precursor development methodology ............................................................................... 67 
Figure 4-2 - Comparison of homogenous and heterogeneous solution reactions ............................... 69 
Figure 4-3 – Varied gravity experimental testing outline ..................................................................... 72 
Figure 4-4 – Varied gravity synthesis characterisation methodology .................................................. 74 
Figure 5-1 –Structural assignments of acac : TPT complex in 1H NMR spectrum ................................. 90 
Figure 5-2 – 1H NMR expanded spectrum of actual 1:20 acac : TPT  precursor ................................... 91 
Figure 5-3 – 1H NMR concentration series of acac : TPT ppm 6.0-1.0 .................................................. 92 
Figure 5-4 Acetylacetone series full spectrum ...................................................................................... 95 
Figure 5-5 Acetylacetone series fingerprint region of spectrum .......................................................... 96 
Figure 5-6 Acetylacetone series OH region of spectrum ...................................................................... 97 
Figure 5-7 Acetic acid series 1:20 – 20:20 mixture ratios ..................................................................... 98 
Figure 5-8 Acetic acid series fingerprint region of spectrum ................................................................ 99 
Figure 5-9 - Acetic acid series - OH region of spectrum ...................................................................... 100 
Figure 5-10 – Chemical reaction mechanism for precursor formation .............................................. 101 
Figure 5-11-Apparent viscosity measurements including extrapolation to onset time ..................... 103 
Figure 5-12-Plot of onset times .......................................................................................................... 104 
Figure 5-13 – UV-Vis kinetic series sample HT-AME1-1.10 ................................................................. 106 
Figure 5-14- UV-Vis – kinetic series sample HT-AME2-1.05 ............................................................... 107 
Figure 5-15 – UV-Vis stability of final precursor mixes ....................................................................... 110 
Figure 5-16 – Mass spectra expected break down ions ...................................................................... 112 
Figure 5-17- Gas Chromatogram of Schlenk line distillate ................................................................. 113 
Figure 5-18- Mass Spectra Series No.1 ............................................................................................... 114 
Figure 5-19 – Mass Spectra Series No.2 .............................................................................................. 115 
P a g e  | x 
 
 
 
Figure 5-20 – Mass Spectra Series No.3 .............................................................................................. 116 
Figure 5-21 – Mass Spectra Series No.4 .............................................................................................. 117 
Figure 6-1-IR peak assignments of Ti series sol-gel products ............................................................. 125 
Figure 6-2-IR Spectra-Ti-Series No.1 ................................................................................................... 128 
Figure 6-3-IR Spectra-Ti-Series No.1-dried ......................................................................................... 129 
Figure 6-4-IR Spectra-Ti-Series No.2 ................................................................................................... 130 
Figure 6-5-IR Spectra-Ti-Series No.2 dried .......................................................................................... 131 
Figure 6-6-IR Spectra-Ti-Series No.3 ................................................................................................... 132 
Figure 6-7-IR Spectra-Ti-Series No.3 dried .......................................................................................... 133 
Figure 6-8 – Raman spectra regions of interest .................................................................................. 135 
Figure 6-9 – Anatase region of the Raman spectrum ......................................................................... 138 
Figure 6-10-Raman spectra of Ti series No.1 ...................................................................................... 139 
Figure 6-11-Raman spectra of Ti series No.1 dried ............................................................................. 140 
Figure 6-12-Raman spectra of Ti series No.2 ...................................................................................... 141 
Figure 6-13-Raman spectra of Ti series No.2 dried ............................................................................. 142 
Figure 6-14-Raman spectra of Ti series No.3 ...................................................................................... 143 
Figure 6-15-Raman spectra of Ti series No.3 dried ............................................................................. 144 
Figure 6-16-XRD Diffraction Pattern Ti-Series No.1 ............................................................................ 146 
Figure 6-17-XRD Diffraction Pattern Ti-Series No.2 ............................................................................ 147 
Figure 6-18-XRD Diffraction Pattern Ti-Series No.3 ............................................................................ 148 
Figure 6-19 – Anatase crystallite size determined by Scherer Equation ............................................ 149 
Figure 6-20 – TEM images of Ti gel samples made in O-g to 5 g ........................................................ 151 
Figure 6-21 – TEM images of Ti gel samples made in 10 g to 70 g ..................................................... 152 
Figure 6-22 – Inter-particle pore capillary condensation ................................................................... 154 
Figure 6-23 – Plot of surface areas vs. gravity level ............................................................................ 157 
Figure 7-1 – Titanium sol-gel reaction mechanism in varied gravity .................................................. 168 
P a g e  | xi 
 
 
 
 
Table of Tables 
 
Table 2-1 – Summary of Reduced Gravity Experimental Platforms ....................................................... 7 
Table 2-2 – Infrared spectral data for TPT and modified TPT precursors ............................................. 34 
Table 3-1 – Measured distance of incline from the vertical position and corresponding motor power
 .............................................................................................................................................................. 53 
Table 3-2 – Summary of RCF characterisation data .............................................................................. 56 
Table 4-1- Vapour pressures of alcohol solvents .................................................................................. 71 
Table 4-2- GC-MS method..................................................................................................................... 81 
Table 5-1 – Mixture data for various HT-AMe precursors .................................................................... 86 
Table 5-2 – Titration data and observations ......................................................................................... 87 
Table 5-3 – Mixture series HT-AMe1 with varied excess of added methanol ...................................... 87 
Table 5-4 – Mixture series HT-AMe2 with varied excess of added methanol ...................................... 88 
Table 5-5 – Experimental observations ................................................................................................ 88 
Table 5-6 – NMR spectral data summary from acac : tpt mixture series ............................................. 93 
Table 5-7 – Experimentally determined acac : tpt ratios from integration data .................................. 93 
Table 5-8 – Gelation onset times ........................................................................................................ 104 
Table 5-9 – Final precursor mixture selection .................................................................................... 109 
Table 5-10 – Summary of possible chemical candidates .................................................................... 111 
Table 5-11- Summary of compounds found in mass spectra ............................................................. 118 
Table 6-1-Summary of sol-gel product yields ..................................................................................... 123 
Table 6-2-Vibrational modes of anatase ............................................................................................. 137 
Table 6-3- Summary of surface areas of Ti series gels ........................................................................ 155 
Table 7-1- Relative density comparison summary .............................................................................. 166 
P a g e  | xii 
 
 
 
 
Keywords 
 
Sol-gel chemistry, varied gravity, reduced gravity, microgravity, high gravity, centrifuge, drop 
tower, parabolic flights, engineering, vacuum, test system, titanium, TiO2, anatase, methanol, 
acetylacetone, precursor, nano, particle, crystalline, BET, XRD, Raman, Infrared, Spectroscopy, NMR, 
Nitrogen adsorption, isotherm, kinetics, colloidal, particulate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P a g e  | xiii 
 
 
 
 
 
List of Abbreviations  
 
TPT titanium tetra-isopropoxide 
MeOH Methanol 
acac acetylacetone 
NMR Nuclear magnetic resonance spectroscopy 
IR Infrared spectroscopy 
NG Normal Gravity 
RG Reduced Gravity 
RGTS Reduced Gravity Test System 
PDF Powder diffraction file 
XRD X-Ray Diffraction 
TEM Transmission electron microscopy 
 
 
 
 
 
 
 
 
 
 
P a g e  | xiv 
 
 
 
Statement of Originality  
 
The work contained in this thesis has not been previously submitted for a degree or diploma 
at this or any other educational institution.  To the best of my knowledge and belief, the thesis 
contains no material previously published or written by another person except where due reference 
is made. 
____________________________________ 
Matthew C. Hales 
27th August 2012 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Verified Signature
P a g e  | xv 
 
 
 
Acknowledgments 
 
My PhD journey has been somewhat of a long and emotional one.  I have made many new friends 
for life along the way. We have collectively shared the ups and downs and the associated 
hangovers of this sometimes seemingly brutal experience.  I truly believe I am a better research 
scientist, “want to be engineer” and person for it.  There are a number of people I wish to 
personally acknowledge so please bear with me : 
 
Firstly to my Principle Supervisor “Super Ted” Prof. Ted Steinberg, for being a great supervisor and 
teaching me the finer arts of successfully designing experimental test systems to drop off 10 storey 
buildings and how to continue to make a legitimate career out of it.  To the amazing and 
wonderful Dr. Wayde Martens (aka “The Chief”) surely you must be sick of me by now mate 
especially after being my co-supervisor for my Masters Degree as well.  I bet you will be glad to see 
the back of me!  Thank you for teaching me so much about the incredible world of chemistry and 
the finer tastes of Single Malt Scotch Whisky. 
 
To the legendary “O-Block” gang I thank each of you for the following reasons:  
 
Dr. Travis Frew – (formally Mr.T now DTF) for showing us all how to take a “Mopping” like a man 
and for being an awesome mate even though you are from New Zealand  
Dr. David Lynn - “Triple X” for being an awesome research companion and a great bloke 
Dr. Stuart Bell for being a close debating buddy over lunch time conversations and for spurring my 
interest into getting back to mountain biking (along with DTF)  
Miss Victoria Toal (soon to be Dr. too) for being a model PhD student having never received a 
“Mopping” like the rest of us rebels and making sure the rest of us didn’t get too unruly 
Dr. Massimiliano Vezzoli for teaching me the finer arts of cursing in his native Italian dialect when 
inevitably experiments or test systems would fail to work as intended 
Dr. Nicholas Ward for being an inspiring engineer, researcher and irresponsible drinking role 
model and for how to act at public occasions particularly V.C’s end of year drinks 
 
I would also like to acknowledge these fine people: 
 
Mr. Ashley Locke for helping to accidently find a new method for making liquid oxygen with me in 
a Schlenk line and miraculously not causing an explosion – I still don’t think “The Chief” has 
forgiven us. 
P a g e  | xvi 
 
 
 
Dr. Dana Martens for her expertise in tastefully formatting figures for my thesis and being a great 
friend to talk to for inspiration 
 
Dr. Llew Rintoul for conversations covering the finer points of academic life and furthering my 
interest in advanced laser spectroscopy 
 
All the other members past and present of “the rejects” (our research group) for the critical 
reviews of my work and for inspiration along the way  
 
Mr. Jon James for leading the group of awesome tech’s in the engineering labs and being a top 
bloke, I owe you a beer after all of this! Armin, Jim, Tony, Wayne and Brian at the workshop for 
putting up with my countless stream of over 300 CAD drawings and self-taught backyard 
engineering skills, I hope the spare sheet metal was of use Brian? 
 
The folks at Merlo for the excellent coffee that kept me going for the relentless hours in the lab 
Mr John Walker and Jack Daniels for providing extensive inspiration whilst writing this thesis  
My long term mates Steve, Bruno and Nate for your on-going support and inspiring sarcasm  
 
Finally, to my loving Parents Larry, Ellen, little sister Tiffanie, Grandma, Aunty Susan and Uncle 
Noel for their incredible support during the last 10 years of university study I hope my continued 
success in life provides a small token of the great appreciation I have for all your love and support 
you continue to provide me with! 
 
To anyone I have forgotten it was not intentional but I thank you too. 
 
 
 
 
 
 
 
 
 
P a g e  | xvii 
 
 
 
 
 
 
 
 
 
 
 
I dedicate this thesis to the memory of my late Grandparents  
who sadly passed away during the course of my 4 year PhD journey  
 
Lawrence Thomas Bennett  
(1928-2009) 
Gertrude Rose Bennett  
(1930-2012) 
 
 both always inspired me to achieve great things  
  
P a g e  | 1 
 
 
 
1 Introduction 
 
1.1 Sol-gel chemistry in varied gravity 
 
There is a distinct need to find new ways of making novel materials for use in catalytic 
applications with a particular focus on reducing production cost and the impact on the environment.  
Development of photo-catalysts for diverse uses such as water purification and solar cells often 
involves complex synthesis techniques and use of less-than environmentally friendly chemicals and 
conditions.   
A new promising way of synthesising metal oxide materials such as silicon dioxide that has 
been identified is the sol-gel process.  Sol-gel derived silicon dioxide materials under synthesised 
under varied gravity conditions has yielded new materials with significant increases in surface areas 
and molecular complexities [1, 2].  Research into the effects of varied gravity such as the removal of 
convective fields on the sol-gel process is currently limited to only investigating the silicon sol-gel 
system [1-5].   
Therefore there is a need to investigate other chemical systems such as titanium with the goal 
of improving the development of wide band gap photo-catalysts.  Currently one of the best 
commercially available titanium dioxide photo-catalysts is Degussa® P25, a mixture of 75% anatase 
and 25% rutile.  Anatase and rutile are both common phases of titanium dioxide [6].   
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1.2 Thesis chapter summary 
 
Chapter 1 – Introduction – Provides an introduction to the research problem and outlines the 
content of the following chapters of the thesis.  The various aims of this research project are also 
presented.  This chapter also provides a brief summary as to the contribution that the work 
contained within this thesis has on the broader relevant literature.    
 
Chapter 2 – Literature review – Provides an extensive review of the current scientific literature 
pertaining to both sol-gel chemistry and also phenomena in varied gravity research.  This chapter 
also outlines the relevant instrumental methods used in the characterisation of sol-gel chemistry 
precursors and products.     
 
Chapter 3 – Design and engineering of experimental test systems – Presents the main 
engineering component of this thesis.  It describes the design processes used and the required 
understanding of the physical limitations imposed on the two test systems constructed for the sol-
gel synthesis study of this thesis.  This chapter also outlines how the test systems are then 
constructed and provides a detailed summary of their characteristic operating conditions and 
variables during experimentation.   
 
Chapter 4 – Experimental methodology – This chapter discusses the methods used to plan and 
develop the required experiments to fulfil the objectives of this study.  Instrumental techniques used 
to characterise both the precursor materials and final synthetic series products are also outlined.   
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Chapter 5 – Precursor development and characterisation – This chapter presents and discusses 
the experimental development and characterisation of the stabilised titanium sol-gel chemical 
precursor.  The chapter also covers thermal stability and provides a chemical reaction formation 
mechanism for the stabilisation of the precursor.  
       
Chapter 6 – Titanium sol-gel synthetic series results – In this chapter, all of the results obtained 
for the synthesis and characterisation of titanium sol-gels in varied gravity is presented.  The chapter 
describes which instrumental techniques are able to be used to investigate the effect of gravity on 
the final products.  The specific effects of gravity observed are also discussed in depth.      
 
Chapter 7 – Discussion of findings, conclusions and future work – This chapter discussed the 
proposed reaction mechanism for the titanium sol-gel reaction in varied gravity.  Concluding remarks 
and an outline of potential future work is also covered.      
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1.3 Project Objectives, Approach and Outcomes 
 
1. The objective of this thesis was to obtain an extended understanding of the effects of varied 
gravity on titanium sol-gel synthesis. 
2. The approach was to empirically develop and characterise a new stable, single-solution 
titanium sol-gel precursor, thus enabling sufficient understanding of the precursor reactivity 
and stability in normal gravity, so that the precursor could be used for reproducible varied 
gravity synthesis.  
3. Coupled with this, the design, fabrication and validation of two independent and complex 
test systems capable of performing sol-gel synthesis experiments in varied gravity within the 
required time experimental time constraints.   
4. A detailed series of synthesis experiments in varied gravity were then performed in the 
validated test systems and the characterisation results were used to develop the varied 
gravity reaction mechanism.   
5. The outcome of the project was to propose and present a physical / chemical reaction 
mechanism of the titanium sol-gel chemistry process in varied gravity.  
 
1.4 Important contributions  
 
This thesis has made a number of important contributions to the field; the results found from 
work completed during this study are as follows:   
A vacuum centrifuge was successfully designed, fabricated and validated to conduct synthesis 
sol-gel synthesis in high gravity.  A standalone fully automated reduced gravity test system was also 
designed, fabricated and cross validated in normal gravity conditions with the vacuum centrifuge 
system.   
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Titanium sol-gel chemistry had not previously been conducted under varied gravity conditions.   
In particular, it is believed that this is due to the fact that there is significant difficulty in stabilising 
the titanium sol-gel chemical precursors as discussed in later chapters.  Work completed in this 
thesis demonstrates the systematic methodology required to obtain a stabilised titanium sol-gel 
chemical precursor through empirical experimentation and thorough instrumental characterisation. 
The two significant findings from the work were samples synthesised in under high gravity 
conditions were found to have increased crystallinity and form anatase (TiO2).  The anatase formed 
in these samples was also found to have extremely high surface areas.  Another important finding 
was that anatase could be produced at approximately 45-50oC in the vacuum centrifuge test system 
solely by increased levels of gravity during synthesis.   
Conventionally sol-gel derived anatase requires calcination above 450oC for extended periods 
to synthesise.  This new synthesis method demonstrated in this work not only has the benefit of 
faster production (<45 seconds) but also requires fewer energy resources and significantly less time 
than conventional calcination or pyrolysis methods.      
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2 Literature Review  
 
The purpose of this review is to provide a summary on current findings in varied gravity 
synthesis of sol-gel materials.  The review will also discuss the experimental platforms used to 
achieve varied gravity conditions.  Summaries of the sol-gel process and the instrumental 
characterisation of sol-gel precursors and reaction products are also provided.   
 
2.1 Experiments in varied gravity 
 
There are a number of methods for achieving reduced gravity under terrestrial conditions, 
without the necessity to fly in space which is expensive and often difficult to access.  Terrestrial 
methods of achieving reduced gravity can vary substantially not only in price, but also the time and 
quality of the reduced gravity period.  This section contains a brief review of current methods used 
for obtaining both reduced and high gravity. 
Figure 2-1 shows the three most common ways of conducting experiments in reduced gravity 
or a weightless environment: drop towers, aircraft and space Flight. The figure depicts these 
methods noting that with increasing average experiment time, the cost of each individual 
experiment increases greatly.   
In a paper by Tschudia et al. [5], the quality of reduced gravity and the extent of time available 
are compared. Table 2-1 contains a summary of the platforms discussed by Tschudia and is arranged 
so that average cost per test increases sequentially down the table.     
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Figure 2-1- Common methods for achieving reduced gravity  
 
Table 2-1 – Summary of Reduced Gravity Experimental Platforms 
Experimental platform Time in reduced gravity Quality of reduced gravity 
Drop Towers 2-10 sec 10-4 to 10-5 g 
Parabolic Flights 20-30 sec 10-2 to 10-5 g 
Sounding Rockets 10-20 mins  10-4 g 
Space Shuttle days 10-3 g 
Space Station years  10-3 g 
 
It can be noted from the data presented in the table above that even though the period of 
time in reduced gravity is somewhat brief in drop towers it is possible to obtain microgravity 
conditions.  Microgravity is defined as an acceleration of at least 1 x 10-6 or better. 
This literature review will focus on parabolic flights and drop towers as experimental 
platforms.  These were found to be the two most common methods used for the investigation of the 
effect of reduced gravity on sol-gel chemistry and morphology.  The theory of how a drop tower 
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operates will be discussed in depth as it was the chosen platform for the reduced gravity 
experiments conducted in this body of work.  
 
2.1.1 Parabolic Flights 
 
Parabolic flights have been used to provide extended and reproducible periods of reduced 
gravity of up to 30 seconds per parabola.  The aircraft initially accelerates to approx. 350 knots IAS 
and begins to fly at a 45o nose up pitch, climbing up to 10000 feet.  At the top of the climb as the 
aircraft begins to level out and commence a 45o nose down pitch there is a transition between 
positive and negative gravitational accelerations leading to a period of weightlessness.  It is this 
period that has been successfully used by experimental scientists and engineers to investigate the 
effects of gravity on physical and chemical processes of materials.  It is possible that in a single flight, 
an aircraft can fly up to 30 of these parabolas, Figure 2-2 is a representation of the displacement in 
the vertical flight path of a single parabola. 
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Figure 2-2- Single parabola of a parabolic flight 
 
National Aeronautics and Space Administration (NASA) and the European Space Agency (ESA) 
have both held a number of successful microgravity flight campaigns for many years using a variety 
of specially modified aircraft such as the Boeing KC-135, McDonnell Douglas C-9  (NASA) and Airbus 
A300 (ESA)[7, 8].  Commercial providers also operate to provide some of these services. 
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2.1.2 Drop Towers 
 
There are many different drop towers (or tubes) around the world.  Currently there are at 
least 6 in operation in various locations from Japan, America, Germany and Australia. The designs 
can vary from a purpose built tower structures to retrofitted mine shafts.  The basic requirement for 
a drop tower is a vertical space where an experimental package can be released at the top and 
allowed to fall unimpeded until the package is captured at the base of the tower.   
Figure 2-3 is a CAD model showing the basic components of a drop tower.  The experiment is 
raised to the top of the tower and released as desired.  The drop tower shown features an airbag 
capture mechanism which facilitates the drag shield and experimental package’s deceleration over a 
longer distance, thereby reducing the impact force experienced which protects the sensitive 
components of the system.  Typically the deceleration can be up to approx. 40 g’s for a few 
milliseconds.    There are other more complex methods such as those employed by the drop tower at 
Portland University.  The experimental package is coupled to a dual vertical rail system which utilises 
a complex magnetic braking system which requires extra time to dissipate the heat generated by the 
magnets during braking, thereby slowing turnaround time between experiments.  The ZARM drop 
tower facility in Bremen, Germany uses a re-fillable polystyrene ball pit to arrest the package at the 
end of the free fall period.   
Some drop towers such as ZARM’s Bremen facility and NASA’s Glenn Research Center in 
Cleveland Ohio make use of a vacuum chamber inside the tower facility to remove drag on the 
experimental package during free fall [9-11].  Vacuum pressures of approx. 10Pa can be achieved, 
but pump down time can take up to 1.5 hours per cycle to complete.   
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Figure 2-3-CAD Model representing drop tower components 
 
Queensland University of Technology (QUT) drop tower facility in Brisbane, Australia (Figure 
2-3) is capable of providing approx. 2 seconds of free fall time from a height of 20 meters.  The 
facility uses a wire release system to initiate the free fall of an experimental payload (up to 150kg) 
contained within an external drag shield.  To reduce the extent and the magnitude of the 
deceleration experienced at the end of the free fall period, an air bag breaking system is employed.  
During free fall the quality of reduced gravity has been found to be approx. 10-6 g and the 
deceleration of up to 20 g’s is only experienced for milliseconds [12]. 
In some drop towers an essential component of the test system is the drag shield.  The main 
purpose of the drag shield is to provide an aerodynamic enclosure for the experimental test system 
contained within.  Figure 2-4 shows how the drag shield and experimental package fall in tandem.  
The internal height of the drag shield is a function of the total height of the drop tower in which it is 
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being used.  This ensures that the experimental package impacts with the base of the drag shield as 
deceleration of the whole assembly occurs. 
 
 
Figure 2-4- Operation of a drag shield during free fall 
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2.1.3 Centrifuges 
 
The study of the effect increased gravity has on physical and chemical systems have also been 
of interest in recent years [13-17].  Not only is high gravity easily achieved by the use of a centrifuge, 
it has also been found that subtle effects seen in normal or low gravity can be reversed and 
amplified for a more complete experimental study.   
Centrifuges rely on both the magnitude of the radius from the central rotation axis and 
increasing angular velocity to induce a high level of acceleration within the centrifugal field.  The 
force experienced by the centrifuge rotor or cups, is referred to as the relative centrifugal force 
(RCF) and is defined by the following equation: 
 
    ( 
      
   
)          
 
where k is the constant for gravitational acceleration (1.118 x 10-5).   This equation is used to relate 
centrifugal acceleration to integer equivalents of terrestrial gravity.  High gravity experiments 
conducted in centrifuges will be discussed further in Section 2.6.  
 
2.2 History of sol-gel chemistry and processing – a brief overview 
 
It is believed that sol-gel processing unknowingly originated through the 1800’s discovery by 
Ebelmen when he first prepared a metal alkoxide from silicon chloride and an alcohol solution [18, 
19].  He later noted that on exposure to the atmosphere and in acidic conditions the solution 
appeared to form a gel.  However, due to the difficulty and lack of understanding of drying processes 
required to obtain a usable product, the process failed to become immediately popular.  It wasn’t 
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until the 1930’s that Geffcken realised that metal alkoxides provided a potential synthesis route for 
the production of metal oxide films [19].   
Sol-gel chemistry became a significant area of research in the early 1950’s as a method to 
produce homogenous multi-component glasses for comparative hydrothermal mineral stability 
analysis [20].  Since its discovery, the sol-gel process has progressed to become a very important 
part of synthetic materials chemistry and engineering with benefits aiding a diverse range of fields 
from optics through to high end electronic devices and even nuclear chemistry [19, 21].  It wasn’t 
until the late 1950’s to early 1960’s that sol-gel processing started to be thoroughly investigated by 
Leven and Thomas (Owens-Illinois, Inc.) who were able to control hydrolysis and condensation 
reaction rates of metal alkoxides, this discovery later led to a US patent [22].  One of the first 
commercial sol-gel processes to be developed was by the Schott Glass Company of Germany for high 
quality optical coatings.   
In a review by Brinker, it was suggested the main advantages of the sol-gel process were that 
dust free high quality, glasses and homogenous ceramics could be produced without the need for 
the high temperatures used in conventional ceramics production [19].  Later, more diverse 
applications were discovered, such as fibres that could be drawn from gelled solutions and if drying 
conditions were carefully controlled, monoliths (very hard single pieces or “rocks”) could be 
produced.   
Further research interest in sol-gel processing peaked in the late 1980’s and early 1990’s 
where it was realised that control over fundamental chemical compounds and/or reaction 
conditions could lead to the formation of various mixed metal oxide glasses / ceramics with specific 
crystalline or amorphous properties simply by varying the type of metal alkoxide precursors and/or 
catalysts used [23, 24].  
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2.3 Sol-gel physical and chemical formation mechanisms 
 
It is generally accepted that there are three common methods for the synthesis of various 
solid products.  A summary of these pathways can be seen in Figure 2-5.  A sol is defined as a 
dispersion of colloidal particles in a solvent.  In some cases, removal of this solvent can yield uniform 
particles under very specific conditions [25].  Starting with a precursor sol, uniform particles can be 
directly collected (Step No.1).   
If the colloidal particles in the sol are able to come into close contact either through 
concentrating by solvent removal or assistance by other chemical processes, a gel will form (Step 
No.2).  As defined by Flory [25, 26] a gel can consist of a rigid but disordered interlinked network of 
polymeric chains or an extended network array of physically aggregated colloidal particles.  The 
polymeric chains originate from specific chemical reactions of the precursor which will be discussed 
in Section 2.3.1.   
Extraction of the solvent (often supercritical) from the gel pores without shrinkage (a collapse 
of the gel network) yields a product referred to as an aerogel.  Aerogels consist of open foam like 
structures and typically have low densities and large pore volumes.  Conventional evaporation / 
expulsion of the solvent from gel pores that results in collapse of the gel structure and shrinkage (a 
process often referred to as syneresis) results in a product that is referred to as a xerogel.  If the 
product had originated from an alcohol based solvent it is often referred to as an alcogel.   
If a thin film of the precursor sol under goes rapid gelation and evaporation of the solvent 
(Step No.3) a xerogel thin film is formed.  In both cases of xerogel formation, further calcination to 
higher temperatures yields a dense ceramic product.  The calcination facilitates the removal of water 
and residual solvents / reaction precursors.  The ceramic product that remains often have very large 
surface areas (up to 400m2/g) and very small pores (10nm or less)[25].  It is this inherent surface 
area, that is of most interest in catalyst applications.  If however the product is calcined to 
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temperatures above 1200oC the pore surface area is significantly reduced leading to the formation of 
a dense glass product.  This process is referred to densification [25, 27].  
  
  
 
Figure 2-5- Sol-gel reaction pathways (adapted from Brinker)[27]  
 
There are a number of distinct chemical reactions that occur during the sol-gel process.  These 
reactions depend on the type and coordination state of the metal centre and also the surrounding 
ligands.  The following sub-sections provide aim to provide a detailed summary of the chemical 
reactions as well as specific process mechanisms for the formation of the final ceramic product. 
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2.3.1 Hydrolysis and condensation of metal alkoxide precursors 
 
There are many different forms of chemical precursors available for use in sol-gel reactions.  
The first reaction to take place in the sol gel process is hydrolysis.  If the precursor is alkoxide based, 
this primarily involves the removal of alkoxide ligands and replacement with hydroxyl ligands.  In 
metal centres which have their coordination state satisfied, hydrolysis proceeds by nucleophillic 
substitution.  When reaction catalysts (particularly acid based) are absent, addition of a nucleophile 
to the metal centre occurs, followed by a proton transfer from the nucleophile to an alkoxide or 
hydroxyl ligand during the transition state.  This facilitates the removal of the leaving group as either 
an alcohol or water molecule.  If the leaving group is an alcohol the reaction is referred to as 
alcoxolation, but if the leaving group is water, the reaction is referred to as oxolation.    
Both alcoxolation and oxolation are termed condensation reactions where M –O—M bonds 
are formed.  Generally alcoxolation reactions are most favoured when partial hydrolysis of precursor 
species has occurred.  This is the case which is usually seen in titanium systems.  In chemical systems 
such as titanium, this is non-reversible, however in some chemical systems such as silicon; these 
bonds can be broken leading to further reactions with other molecules.  Another interesting process 
that can occur during condensation reactions is called olation.  This reaction is usually quite rapid 
and occurs in chemical systems where the metal centres are somewhat electropositive [27].  Again 
the leaving groups in the instance depend on the reactants but are generally either an alcohol or 
water.     
Figure 2-6 contains a summary of the various hydrolysis and condensation reactions adapted 
from Brinker and Scherer [27].  The reactions show the various electron transfers between metals, 
attacking and leaving groups.  
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Figure 2-6- Sol gel reaction mechanisms [27] 
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2.3.2 Random Branch Theory and Polymerisation 
 
At a point in time where individual polymer chains have formed extended lengths, it is 
possible for random branching to occur.  Random Branch Theory (RBT) assumes that functional 
group reactivity is independent of its neighbours and host polymer size and only intermolecular 
interactions are possible.  It has been applied to understand polymerisation of inorganic and organic 
polymers [28].   
Random Branching will usually occur when more than two functional groups are available [29, 
30]. In most cases specific measurements are used in conjunction with statistical modelling methods 
which can be used to predict final molecular structures and or properties based on the specific 
chemical monomers used for a polymerisation reaction.  It has also been used to elucidate reaction 
kinetics and mechanisms.   
The use of Random Branch Theory for kinetic modelling does have to consider some 
limitations such as the effect of hydrolysis inhibitors, structural confirmation, reactivity, and 
availability of hydrolysed sites.       
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2.3.3 Syneresis  
 
Shrinkage of the gel structure as a result of ageing effects is referred to as syneresis.  
Interstitial pressure due to contraction of polymer chains results in pore fluid expulsion and 
transport out of the pore network.  It is proposed that small changes in external temperature and/or 
pressure can cause syneresis.  In some cases the effect can be reversible although in some systems, 
as pores collapse, new intermolecular bonds form therefore making the process irreversible and also 
results in further expulsion of liquid by-products like water in the case of metal hydroxide 
condensation [27].   Figure 2-7 provides a representative model of syneresis and the contraction of 
the polymer network after expulsion of pore fluids and solvents. 
 
 
Figure 2-7 – Representative model of syneresis [27] 
 
 
 
 
 
 
P a g e  | 21 
 
 
 
2.4 The sol gel chemistry of Titanium  
 
2.4.1 Structural nomenclature 
 
It is important to understand the appropriate nomenclature so that the nature of the 
molecular structures can be easily recognised and adequately described.  The coordination states of 
titanium are governed not only by the atomic charge of the metal but also various ligand 
interactions.  Commonly, titanium ligands are preferentially either mono-dentate (single connection) 
or bi-dentate (double connection).  Some examples of organic mono-dentate ligands are alkoxy 
groups (usually primary or tertiary alcohols) such as ethanol, iso-propanol or n-butanol.  Examples of 
non-organic mono-dentate ligands are aquo [M-(OH2)], hydroxo [M-OH].  Various examples of bi-
dentate ligands commonly used in the preparation of stable titanium precursors are catechol, beta-
dicarbonyls such as acetylacetone and carboxylates from carboxylic acids such as acetic acid [31-38]. 
 
 
 
Figure 2-8– Common coordination states of titanium  
 
 The coordination number of titanium not only dictates how many ligands are attached but 
also the structural configuration.  Shown in Figure 2-8 tetrahedral coordination (left) has a 
coordination number of IV, octahedral coordination (right) has a coordination number of VI.  An 
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extensive review conducted by Guglielmi et al. [23] proposed that an increase in the coordination 
number of titanium (IV) through chelation leads to enhanced stability.  It was found that moderate 
stability was reached if the coordination number of titanium was increased to 6.   This property can 
be chemically exploited and is discussed in detail in the Section 2.4.3 which describes hydrolysis and 
condensation inhibitors.    
Another important description assigned to ligands is the location of their bonding to the metal 
centre.  Ligands can either be bridging (joins two metal centres) or terminal (located at the end) 
(refer Figure 2-9).  It should also be noted that in some circumstances alkoxy ligands such as iso-
propanol can act as bridging ligands which have pseudo bidentate characteristics. 
 
 
 
Figure 2-9 – Structural terminology of molecular complexes  
 
Another important term used to quantify coordination around metal centres, particularly in 
the case of silicon sol-gel chemistry is Q groups [27, 39].  Q groups describe how many metal to 
oxygen (M—O—M) bonds are present around the coordination center.  This designation becomes 
particularly important as molecular complexity of polymers increases, such as in ring cyclisation 
reactions.  Figure 2-10 shows Q1-Q4 groups around silicon. 
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Figure 2-10- Q groups of silicon   
 
 
2.4.2 Titanium tetra-isopropoxide 
 
Titanium tetra-isopropoxide (TPT) is a straw coloured liquid at room temperature, which has a 
boiling point of 238oC at STP [40].  The structure consists of a central titanium (IV) atom tetrahedrally 
coordinated by four isopropoxy ligands as seen in Figure 2-11.  TPT maintains a monomeric structure 
in a water free solution, but on exposure to humid air it is somewhat reactive [38, 41].  This 
reactivity means that the compound requires purification by distillation at reduced pressure and 
under an inert atmosphere (usually dry N2 or Ar2) in order to break the azeotrope that forms 
between TPT and isopropyl alcohol liberated during these side reactions with atmospheric water.   
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Figure 2-11– Molecular structure of titanium (IV) tetra-isopropoxide 
 
A study into the hydrolytic behaviour of titanium alkoxides was conducted by Bradley et al. in 
1957 [42].  Stearic effects of various alkyl chain length ligands such as ethoxy, n-propoxy, isopropoxy 
and n-butoxy were investigated by empirical methods and structural models were proposed assist in 
understanding the complex polymeric species formed.  It was found that the type of alkyl group (R 
group) not only significantly affected the reactivity of the parent alkoxide towards water, but also 
influenced the relative rates of hydrolysis and condensation reactions.  The reactivity was highest 
with tertiary alkoxides, moderate with secondary alkoxides and slowest with normal (straight) alkyl 
chains.  Relative alkyl chain length also affected the reactivity of the alkoxide but this was believed to 
be due to changes in hydro-phobicity as chain lengths increased.   
Bradley and others proposed that a possible explanation for the increase in reactivity was the 
electron withdrawing nature and inherent stabilising effect of a tertiary alkyl group.  This left the Ti 
metal with a δ+ charge thus promoting a nucleophillic attack by a chemical species capable of 
supplying electron stabilisation to the Ti atom through coordination [42, 43].  It is for these reasons 
that it is important to consider the use of chemical inhibitors to carefully control the reactivity of 
alkoxides in precursor solutions. 
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2.4.3    Hydrolysis and condensation inhibitors 
 
Chemical modification of sol-gel precursors can be a complex task.  Considerations such as the 
choice of reaction solvent, type of chemical inhibitor and concentration not only affect precursor 
stability, but also affect reaction mechanisms and the structural morphology of the final product.  
Chemical modification is a preventative method of limiting uncontrolled hydrolysis and 
condensation reactions resulting in un-wanted precipitation.  It is especially important when 
multicomponent precursor mixes are required such as in this study. 
Livage and Sanchez first investigated the effect of organic acids such as acetic acid on the sol-
gel chemistry of silicon and titanium [36, 44].  Acetic acid has proven both to be a somewhat useful 
and popular choice for modification of sol-gel precursors, due to its solubility within the liquid 
precursor [37, 45, 46].   Acids (both inorganic and organic) are often used to catalyse silicon alkoxide 
(TEOS) hydrolysis, as the resultant protonation of the alkoxide leads to a better alcoholic leaving 
group as required by the nucleophillic substitution reaction mechanism.  This results in significantly 
shorter gelation times.  However, the effect is reversed for titanium alkoxides when acetic acid is 
used [44].  Through the use of infrared and NMR (1H and 13C) spectroscopy [38, 42, 45]  it was found 
that acetic acid reacts to form dimeric octahedrally coordinated structures where acetate groups 
form bidentate bridging ligands between two titanium metal centres.  The chemical reaction for the 
stabilisation proceeds according to the following equation: 
 
2Ti(iOPr)4 + 2AcOH  Ti2(iOPr)6(OAc)2 +2 iPrOH 
 
The dimeric species formed are more resistant to hydrolysis due to stearic hindrance of iso-
propoxy ligands and an increase in coordination number from 4 to 6, the most stable state for 
titanium.  The acetate ligands are also more resistant to hydrolysis than iso-propoxy ligands even 
with an excess of water.  This resulting inhibited molecular structure was shown in Figure 2-9 in 
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Section 2.4.1.  Because of these reasons, the iso-propoxy ligands on the ends of the dimer are the 
first to undergo hydrolysis and condensation reactions.  This leads to the formation extended 
polymeric chains.  During the condensation reactions of dimeric complexes, the polymer chains 
formed consist of titanium oxo-acetate polymers which lead to the removal of some of the acetate 
ligands.  This condensation results in the formation of a by-product isopropyl-acetate through an 
esterification reaction of liberated acetic acid and isopropanol.  The appearance of this product has 
been successfully monitored by instrumental methods such as NMR, which enabled the estimation 
of the extent of reaction [45].  This esterification reactions and removal of acetate ligands has found 
to increase the rate of condensation of titanium oxo clusters.        
Whilst organic acids have been found to serve as semi-permanent hydrolysis inhibitors in 
titanium sol-gel chemistry, there is another distinct group of compounds that act as permanent 
inhibitors.  In most cases the majority of the ligands are not removed from the final product until 
calcination.  Enolate chemistry of beta-dicarbonyls (diketones) is well defined by Solomons [47] and 
its effect on the resonance structure of compounds such as acetylacetone or catechol can be used 
advantageously in synthesis reactions [31, 35, 48, 49].   
As seen in Figure 2-12 the stability comes from the resonance stabilisation due to the 
formation of conjugated double bonds and hydrogen bonds.  This exchange phenomenon is one of 
the reasons which allow the compound to act as a suitable bidentate chelating agent in the chemical 
modification of TPT.  The chelation occurs through the two oxygen atoms directly to titanium [49].  
Again as with inhibitors such as acetic acid, bidentate enolates force the selective hydrolysis of more 
reactive isopropoxy ligands whilst preventing uncontrolled attack of the metal centre due to stearic 
hindrance [48].   
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Figure 2-12 – Acetylacetone keto-enol tautomerisation 
 
2.4.4 Comparison of titanium and silicon sol gel chemistry  
 
There have been a number of demonstrated examples where the sol-gel chemistry of titanium 
and silicon has been able to be adequately controlled ([38, 42, 45, 50-58]).  However, both require 
quiet different approaches.  Silicon alkoxides particularly TEOS are somewhat resistant to hydrolysis, 
hence the need for acid catalysis to enable reactions to occur in shorter time scales.  Whereas 
titanium alkoxides particularly those containing tertiary alkoxides, such as TPT, are very reactive 
during hydrolysis and require chemical inhibitors to prevent precipitation occurring.   Also in the case 
of silicon sol-gel chemistry, condensation reactions are not as final as with those of titanium.  For 
example, as discussed by Assink and Kay, ring cyclisation can occur in already condensed Si species 
resulting in the formation of rings and cages, further increasing intermolecular complexity [59]. 
Another distinct difference between the two sol-gel systems was the effect that solvents have 
on the silicon system.  The effect of solvent polarity was found by Artaki et al. [50] to be greatest 
during the condensation stage of the silicon gelation.  As expected in nucleophillic substitution 
reactions mechanisms, extremely polar protic solvents such as acetonitrile deactivated the 
nucleophile.  This was found to substantially slow the rate of condensation leading to the formation 
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of a large microporous polymer network.  The rate of the condensation reaction was also 
investigated when carried out in less polar solvents, this lead to a product containing compact 
spherical particles.   
Buckley et al. investigated what effect increased water concentration in the silicon precursor 
sol had on the morphology of the final product [60].  The higher the water content, the greater the 
surface area observed in the xerogel.  A lower density product was also reported.  If however the 
ethanol ratio was increased, no change in surface areas was observed in the microporous product.  
High ethanol concentrations did however lead to denser xerogels after drying.  These effects would 
need to be considered in the development of the chemical precursor for this project.   
 
2.5 The effect of solvent evaporation rates during gelation on sol-gel products 
 
Due to the expected short experimental times (<2 seconds) for the QUT drop tower, it was 
important to investigate the effects that the rate of evaporation during gelation might have on the 
physical and chemical properties of the final product.  Literature studies of varied rates of 
evaporation for the titanium sol-gel system were not forthcoming and require further investigation.  
However, there were a number of articles of interest found for silicon systems.    
In an experiment performed by Huang et al. [61], a series of reaction vessels each containing 
the same prescribed volume of acid catalysed Si sol precursor were studied to investigate the effect 
on gelation time and the physical and chemical characteristics evaporation rates had on the final 
products.  Each of the vessels used were identical in volume and diameter.  Only the top orifice was 
varied, thus allowing different evaporation rates to occur.  The study found marked differences in 
physical chemical properties.  Mass of the wet xerogel structure formed was found to increase with 
decreasing diameter of the vessel orifice.  Due to the small diameter of the orifice the rate of 
evaporation was slowed extensively, thereby allowing hydrolysis and condensation reactions to 
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achieve a higher yield.  Reaction times were also found to greatly increase with decreased 
evaporation rates.  Mesoporosity was found to increase in xerogels exposed to slower rates of 
solvent evaporation.  It was concluded that rapid solvent evaporation and thus faster gelation 
resulted in close packed xerogels.         
Other physical properties investigated during gelation reactions was ambient temperature and 
relative humidity within the reaction chambers.  Dumas et al. [55] found that gelation reactions that 
occurred under high humidity produced gels with significantly higher surface areas and porosity than 
gels formed in low humidity conditions.  It was proposed that relative humidity had the greatest 
effect on gelation time and evaporation rate.  Experiments were also conducted at various 
temperatures between 5 and 25oC.  Temperature was found to have no apparent effect on the 
morphology of the final product.  Again, as with the study conducted by Huang [61] samples formed 
in low humidity (faster evaporation rates) tended to form more closely packed microporous 
xerogels.  The higher humidity (slower evaporation rates) and extended gelation times, thus allowing 
more condensation reactions to occur, creating a product with a more open network structure.     
Efforts have also been made to try and qualitatively determine the dynamics of evaporation 
rates during gelation reactions in both open and closed vessels.  Matsukawa et al. [54, 62] 
successfully used a ultrasonic pulse monitoring to determine when evaporation rates were at their 
greatest.  Rates were found to at their greatest in open systems, however, it was noted that upon 
gelation the rate of evaporation decreased notably in both open and closed vessels.        
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2.6 The effects of varied gravity on the sol gel process  
 
Silicon sol-gel chemistry has only thus far been studied in depth in varied gravity [4, 5, 13, 14, 
63, 64].  It is proposed that this is due to the difficulty faced when developing multi-component, 
stabilised single solutions of titanium precursors.  A number of studies have relied on combining a 
binary (two-part) mixture to initiate the reaction when required [4, 13, 64].  This method seems 
somewhat undesirable as mixing gradients due to solvent immiscibility and even changes in 
concentration would inevitably occur.  It is therefore possible the subtle changes to physical 
processes that occur particularly in reduced gravity would be overshadowed.  Such processes will be 
discussed in depth later in this section.   
It was deemed from an early point in this study that a binary mixture would not be feasible for 
the titanium sol-gel system as there would be a risk of immediate and un-controlled precipitation if 
the localised concentration of water was high enough.  Multi-component single solutions have to 
contain all of the chemicals required to complete the sol-gel process (e.g. metal alkoxide, inhibitor, 
catalyst, water for hydrolysis, solvent) whilst being stable enough to not react unless acted upon by 
external means such as the application of reduced pressure and elevated temperatures.  This was 
undertaken by Pienaar et al. as a method for investigating the effect of varied gravity on the silicon 
sol-gel process [1].  Only one article involving titanium in sol-gel processing in varied gravity was 
found.  In a paper by Nishihara et al, an ultra-centrifuge was used to achieve high g conditions (1000-
2000 g) to study the formation of intimately mixed Si and Ti graded glasses [65].  It was found that 
higher gravity levels resulted in decreased concentration of Si in the final material as it was replaced 
by Ti.  This molecular gradation was deemed to be the result of the difference in atomic mass 
amplified by gravity.   
The magnitude of gravity which a fluid experiences can have a significant effect on how the 
system behaves.  Convection is a motion induced in a liquid generally when there is a gradient of 
inhomogeneity within the liquid which results in a change in density causing a mass instability.  The 
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phenomenon which the inhomogeneity causes is referred to buoyancy driven free convection.  Since 
this motion relies heavily on gravitational forces, if gravity is reduced significantly so is buoyancy 
driven convection.  To simplify describing the magnitude of the fluid flow as with other fluid 
properties a velocity scale was derived and is referred to as U.   The following equation shows how 
the velocity scale is derived mathematically and is related to the Grashof number (ratio of buoyant 
and viscous forces) [66]:    
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) 
which simplifies to:  
  
      
 
 
 
Where g is the force of gravity, β is the coefficient of thermal expansion of the fluid, ΔT is the 
difference in temperature, L is the scale length and ν is the kinematic viscosity of the fluid.   
At this point it is interesting to note that when buoyancy driven convection is absent or 
significantly diminished, such as during periods of reduced gravity, motion within a fluid is still 
possible.  This motion can be due to a number of other influences such as thermal and concentration 
gradients and surprisingly surface tension forces particularly in thin fluid films.  Under normal gravity 
conditions these convective phenomenon have such subtle effects on a fluid system that they are 
generally disregarded as they are very difficult to study [67-69].     
An immediate trend that became apparent whilst conducting this particular review of the 
literature was the emphasis on fluid modelling and understanding convective fields was well 
documented [13, 14, 66, 68-71].  There were somewhat fewer studies that solely focused on final 
product morphology of sol-gel produced metal oxides.  The studies that were conducted however 
are of significant interest to the author.       
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In work completed by Pienaar, the effect of varied gravity on the gelation of silica sols was 
investigated [1, 2].  Gelation experiments were conducted on parabolic flights and in a centrifuge 
across a gravity range from 0.01 to 70 g.  Through the use of solid state 29Si NMR, it was found that 
samples produced in reduced gravity had a significant increase in molecular complexity due to 
cyclisation reactions.  This was confirmed by the changes in distributions of Si Q groups when signals 
from the NMR were peak fitted.  The formation of these species also increased the gelation time.  
Due to the difference in the chemistry of Ti compared to that of Si, other structural morphological 
features such as any resultant phase morphology will need to be investigated by various other 
methods such as X-Ray diffraction and vibrational spectroscopy as solid state Ti NMR is not suited to 
this particular application (as discussed further in section 2.7.3).  BET nitrogen adsorption 
measurements confirmed the Si sol-gel samples were microporous.  The experimental data 
obtained, also showed evidence of a net increase in apparent surface areas of gels synthesised in 
reduced gravity when compared to those synthesised in normal and high gravity.  Extremely high 
surface area values for silicon products of up to 800 m2/g were recorded [1, 2] which makes them 
suitable for potential applications such as catalysts.          
 
2.7 Instrumental characterisation  
 
Extensive chemical characterisation was required for this thesis project, both in confirming the 
structure of precursor molecules and the physio-chemical properties of the final product.  So a 
thorough review of literature techniques was required.  The findings are presented in this brief 
summary.  Actual development of the titanium precursor solution and subsequent characterisation 
will be discussed in in depth in Chapter 4.   
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2.7.1 Vibrational Spectroscopy 
 
The successful use of Infrared and Raman spectroscopy as a tool for the characterisation of 
sol-gel precursors including modified titanium alkoxides has been demonstrated by a number of 
authors [27, 36, 41, 45, 72-74].  A limited number of time resolved studies of reacting systems have 
also been undertaken in an attempt define the chemical kinetics of the various hydrolysis and 
condensation reactions [75-77].  However, the use of Raman spectroscopy as a characterisation tool 
for such an endeavour has proved difficult due to the short time scales involved with rapid gelation 
reactions and the long spectral acquisition times the technique requires.  This is not to say that 
Raman spectroscopy is not a useful technique for static or slow reacting systems [41].  Raman 
spectroscopy can indeed provide a great deal of complimentary information when coupled with 
infrared spectroscopy.       
Modified titanium alkoxides (acetylacetone / acetic acid) exhibit strong IR spectra and 
differences between modified alkoxides and "free" TPT can be seen.  Subtle differences between the 
structural orientations of alkoxy ligands (Terminal/Bridging) can also be determined.   With the 
assistance of 1H and 13C NMR, orientations of the molecular structures can be confirmed with 
relative ease.     
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Table 2-2 – Infrared spectral data for TPT and modified TPT precursors 
Infrared spectral assignments – unmodified & modified TPT 
Functional Group Vibration assignment Wavenumber (cm-1) 
Coordinated acac to Ti ν(Ti – O(acac))   440, 355 
TPT ν(Ti – O)  stretch 600 
TPT ν (Ti – O –Pri) 620 
TPT ν(C– O) stretch 1000 
Terminal OPri ligands 
Functional group 
confirmation 
1084 
Bridging OPri ligands 
Functional group 
confirmation 
1034 
Free Acac ------------------ 1700-1720 
Coordinated acac to Ti ν(C– C) stretch 1530 
Coordinated acac to Ti ν(C– O) stretch 1590 
Acetate ligand ν(CO2
-) sym. Stretch 1450 
Acetate ligand ν(CO2
-) assym. stretch 1580 
Spectral information sourced from Brinker et al. [27], Sanchez et al. [36]and Kayan [33] 
 
As stated by Brinker [27], the change in wavenumbers for acetate ligand stretches (~130cm-1) 
is only indicative of acetic acid acting as a bidentate ligand to Ti.  This however cannot discern the 
nature of the coordination state (terminal or bridging).  Other techniques such as NMR and/or EXAFS 
are required to fully elucidate the types of bonding occuring.   
When generic spectral information for pure compounds and solvents was required, an online 
spectral database provided by the National Institute of Advanced Industrial Science and Technology 
(AIST) was accessed [78].  The database provides MS, IR, Raman, ESR and NMR spectra for most 
compounds.  Since substantial data can be obtained from this website with ease, expected 
vibrational frequencies for solvents such as methanol, isopropanol and other compounds such as 
acetic acid, acetylacetone therefore the data will not be repeated here.     
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Raman spectroscopy has been used as a complimentary technique to infrared spectroscopy 
for the characterisation of sol-gel products [41, 50, 53, 72, 73, 75, 79-81].  As well as assisting with 
molecular structure confirmation, Raman spectroscopy has also been used to determine the degree 
and crystallinity of sol-gel products.  Of particular interest, Thermal or hot-stage Raman 
spectroscopy has been used in conjunction with thermo-gravimetric analysis coupled to mass 
spectroscopy (TGA-MS) [6, 31, 80, 82, 83].  Thermal Raman spectroscopy allows spectra to be 
collected at chosen intervals up to about 500oC.  These two techniques have been used to 
investigate the thermal stability of amorphous titanium sol-gel products and mechanisms of 
crystallisation during calcination.  From this anatase was found to form at temperatures up to about 
400oC, if the product was calcined further to 1000oC or above, rutile formed[6].   
 
2.7.2 Ultra-violet-Visible Spectroscopy  
 
UV-Vis spectroscopy has been used successfully to measure the band gap of semiconductor 
materials, particularly titanium dioxide.  The expected bandgap for titanium dioxide which occurs at 
the 400nm absorption edge of the UV-Vis spectrum is between 3.0 to 3.2 eV.  This value varies 
depending upon crystallite size and doping [84].  The following formula is used to calculate the 
bandgap after the UV-Vis spectrum is taken and the absorption edge is measured [85].      
 
Band Gap Energy (E) = h x C/ λ 
where  
h = planks constant = 6.626 x 10-34 Joules 
C = speed of light     = 3.0 x 108 ms-1 
λ = cut-off wavelength = approx. 400nm 
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2.7.3 Nuclear Magnetic Resonance Spectroscopy 
 
Nuclear magnetic resonance spectroscopy (NMR) is an instrumental analysis technique which 
is used to investigate the molecular structure of various compounds.  Proton (1H), Carbon (13C), 
Oxygen (17O /18O), Silicon (29Si), and Titanium (47Ti / 49Ti) have all been used to characterise both the 
chemical structure of sol-gel precursors and products [2, 27, 33, 34, 38, 44, 48, 59, 86].  Some studies 
have also made use of more complex 2D techniques such as OSY and COSY where the signals from 
both hydrogen and carbon are used to generate 2D spectra to show how signals are coupled.  This 
was found to be particularly useful when trying to determine differences between isopropyl ligands 
and free isopropanol.   
29Si solid state NMR was used extensively by Pienaar et al. to investigate the effect of gravity 
on the resultant gel structure [1, 2].  Information on coordination of silicon and ratios of silicon Q 
groups were successfully calculated.  Whilst solid state NMR of Titanium (47Ti/49Ti) is possible, as the 
coordination number and ligand size increase, the Ti signal begins to broaden significantly and signal 
to noise ratio reduces dramatically.  This makes it impossible to obtain usable data for complicated 
and extended structural systems such as those seen in Si where rings or cube clusters form in 
reduced gravity [1, 2, 87]. 
 
2.7.4 EXAFS and XANES  
 
Extend X-ray absorption fine structure (EXAFS) and X-ray near edge structure (XANES) both 
belong to a technique known as X-ray absorption spectroscopy (XAS).  Since the techniques require 
incident x-rays to be equivalent to the binding energy of an atoms electron before they are 
absorbed, the techniques are very sensitive to low atomic concentrations.  Each atom has its own 
unique absorption edge that can be probed for analysis.  X-ray absorption spectroscopy is commonly 
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a synchrotron based technique due to the high energy they provide.  EXAFS and XANES yield 
information such as bond lengths of surrounding atoms as well as oxidation states of metal centres 
and their subsequent coordination number [88, 89]. 
XAS has been applied to the determination of coordination structures in both sol-gel 
precursors and products [44, 88, 89].  It was found to be particularly useful in understanding sol-gel 
mechanisms.  Livage et al. showed that titanium alkoxy ligands in TPT are the first ligands to be 
hydrolysed and that acetate and acetylacetate ligands are hydrolysis resistant even in stoichiometric 
excess of water [44]. 
Coupled with 1H and 13C NMR data, the Ti K Edge of the EXAFS spectrum of titanium was used 
to probe for molecular association and coordination changes before and after chemical hydrolysis 
inhibitors were added.  K edge spectra were also used to investigate amorphous sol-gel products 
where crystalline phases could not be determined by conventional methods such as XRD. 
 
2.7.5 Rheology 
 
Measurements of apparent and relative viscosity have been used by a number of authors to 
ascertain the transition time to the gel point [23, 27, 37, 39, 90-92].  Viscosity was found to increase 
as polymer chains and extended polymer networks formed over time.  Fluid properties such as shear 
thinning and non-conformity to Newtonian flow were also investigated and viscosity values were 
used to model how the fluids would behave in varied gravity conditions where convection is limited 
[64, 66, 69, 91].   
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2.7.6 X-Ray Diffraction  
 
X-Ray Diffraction (XRD) has been used in a number of studies to access the degree of 
crystallinity and identify the phases present of solid sol-gel products [31, 65, 81, 84, 93].  The effect 
of calcination temperature on subsequent phase morphology was also investigated [6, 94, 95].   
 
2.7.7 BET - Gas adsorption studies 
 
BET equation was developed by three scientists, Brunauer-Emmett-Teller, for the 
determination of the surface area of porous materials.  The equation is expressed as follows: 
 
 
          
 
 
  
   
 
      
  
      
 
 
   = amount adsorbed 
p/p0  = relative pressure 
  
  = monolayer capacity 
C = related exponentially to enthalpy of adsorption 
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The equation is generally applied in its linear form and requires a linear relationship in the BET 
plot [p/na (p0-p) vs p/p0 ] usually limited to lower relative pressure ranges between 0.05 to 0.3.    
When using physisorption to characterise surface porosity, pore widths are categorised into three 
distinct size ranges [96]: 
 
 50nm or larger – macropores 
 Between 2-50nm – mesopores 
 2nm or less – micropores 
 
These pore size ranges are generally only a guide as the pore shape and the physical / 
chemical interactions of the adsorbent-adsorbate generally have a greater influence on pore filling 
mechanisms.    
There are six common types of isotherms seen in adsorption studies [97].  This thesis will 
concentrate on the reversible Type I isotherm which is characteristic of a number of metal oxide 
materials particularly featuring microporous surface morphology.  Other materials which exhibit 
these isotherms are activated carbon and molecular sieves (zeolites) [96].  The adsorption 
phenomenon arises from the fact that microporous solids tend to have small external surfaces in 
which the uptake of the adsorptive has limited access to micropore volume rather than the internal 
surface area of the material.   
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Figure 2-13 – Example of a Type I adsorption isotherm 
 
As seen in Figure 2-13 the amount absorbed is limited as p/po approaches 1.  Generally the 
greatest change in adsorption occurs at lower pressures.   
 In microporous solids it has been proposed that two filling mechanisms exist.  At low p/p0 
values, individual adsorbate molecules transfer unaffected into narrow pores.  At higher p/p0 values, 
intermolecular interactions of the adsorbate molecules during the transfer into the pores leads to a 
phenomenon referred to as the enhancement effect.  It is exhibited by increased rates of adsorption 
at low p/p0 values in the BET plot.   
In extreme cases this can lead to capillary condensation where the transfer of adsorbate 
molecules into the internal pore volume causes more adsorbate molecules to be drawn in under 
capillary forces than are required to saturate the monolayer.  This can over represent the amount 
adsorbed which when surface area calculations are undertaken resulting in higher surface area 
values which are not as accurate due to modelling errors.  These issues will be further addressed in 
the BET analysis section of Chapter 6. 
There have been a number of studies conducted which have used BET measurements to 
characterise sol-gel products [2, 60, 64, 71, 98].  In work published by Pienaar et al. varied gravity 
P a g e  | 41 
 
 
 
was found to have a significant impact on the resultant surface area and pore morphology of silicon 
sol-gel products [1, 2].  Silicon sol-gel products formed in reduced gravity were found to be 
microporous in nature and have significantly higher surface areas than those formed in normal or 
high gravity.  This was believed to be due to an increase in molecular complexity due to gelation 
under a diffusion limited regime providing a more open porous networked structure.   
 
2.8 Summary of findings 
 
The sol-gel process is certainly a useful technique for the low temperature and controlled 
synthesis of metal oxides.  Careful control of the titanium sol-gel process could be achieved through 
the use of various chemical hydrolysis and condensation inhibitors.  The type of solvent used was 
also found to affect not only the reaction mechanisms but also the evaporation rates and hence the 
gelation times especially in the silicon system.   
Varied gravity conditions resulted in the removal or enhancement of convective fields within 
the reacting solution.  Reduced gravity synthesis of silicon sol-gels resulted in a diffusion limited 
regime where augmented intermolecular interactions increased molecular complexities and 
significantly higher surface areas than in products produced in normal or high gravity conditions.    
A number of instrumental analysis techniques have been proposed for the characterisation of 
both precursor and metal oxide products.  These techniques will be applied to the study of titanium 
sol-gel chemistry to investigate the effect that varied gravity has on this particular chemical system.   
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3 Design and engineering of experimental test systems 
 
3.1 Introduction  
 
The first stage of this project required the development of two distinct test systems capable of 
meeting specific requirements to synthesise Ti sol-gels in varied gravity environments.  This 
presented a number of unique engineering challenges.  The Reduced Gravity Test System (RGTS) 
needed to be robust enough to tolerate significant deceleration loads (~20 g's) during impact with 
the airbag system, but also had to control and acquire data autonomously once the experiment was 
initiated.  The high gravity test system needed to be able to run for extended periods of time to 
account for previously observed phenomena of slower chemical reaction kinetics under increased 
gravity [1, 2]. 
Both systems also needed to be capable of rapidly exposing the reaction chamber to the high 
vacuum "dump tank" in order to induce the chemical reaction through solvent evaporation.  The 
systems also needed to be chemically robust and not degrade from exposure to chemicals both in 
the precursor solution and in the evaporated solutions.  The specific choice of precursor materials is 
discussed in Chapter 4. 
This chapter will discuss design considerations, development and optimisation procedures 
that were utilised to construct and optimise the experimental test systems for use.  A method 
developed for modelling and measuring the gravity level in the centrifuge system will be discussed. 
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3.2 Reaction chamber 
 
The design of a single interchangeable reaction chamber was the first major consideration of 
the two test systems.  It had to be able to be easily incorporated into the centrifuge and the reduced 
gravity test system. The aim was to keep the design as simple as possible, but still allow reproducible 
rapid gelation reactions to occur.  The most important material properties to consider were (as with 
the vacuum system) chemical resistance and inertness with respect to the chosen precursors.  For 
these reasons 316 stainless-steel was chosen.   
This also proved to have an unforeseen benefit that stainless-steel has a relatively low thermal 
conductivity.  Once the reaction chamber is at the pre-heated temperature and due to the relatively 
large thermal mass of the reaction chamber with respect to the mass of chemical precursor, 
(coupled with relatively short experimental test times) it was deemed that the reaction chamber 
would not require subsequent heating during the chemical reactions.  This helped to eliminate 
added electrical circuit complexity of the test systems. 
Physical design considerations of the reaction chamber were numerous.  Ease of access to the 
reaction products was highly desired.  This was achieved by using a two component assembly 
(removable lid / base).  When the lid was removed, this would allow access to the entire internal 
base surface.  The internal surface of the reaction chamber also needed to be uniform and 
completely flat so that different gravity levels wouldn’t be induced in the sample.  Since the reaction 
chamber was required to hold vacuum pressure, an o-ring seal was incorporated into recesses within 
the external walls of the chamber.  This was done to ensure that plasticizers / release agents 
commonly found in polymeric materials would not contaminate the sol-gel samples.  Nitrile rubber 
o-rings were chosen for their thermal and chemical resistance properties.   CAD models of the 
reaction chamber assemblies as seen in Figure 3-1. 
 
 
P a g e  | 43 
 
 
 
 
Figure 3-1 – Reaction chamber – exploded views 
 
A removable vacuum diffuser was incorporated into the chamber lid in order to spread the 
effect of the initial change in vacuum pressure.  The internal volume of the reaction chamber was 
also kept to a minimum in order to ensure the maximum difference in vacuum displacement 
between the reaction chamber and the vacuum dump tank could occur.   
To ensure completion of the gelation reaction within the short time scales required (2 seconds 
for drop tower) it was imperative a thin film of precursor solution was used.  This posed a number of 
engineering constraints.  The internal diameter of the reaction chamber had to be as large as 
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possible as this would ultimately govern the overall amount of product able to be formed.  In 
addition, perturbations within boiling liquids meant that the film thickness had to be minimized to 
reduce the rupturing of the film surface during solvent boiling.   
The equation below was used to calculate film thickness in the reaction chamber.  It was 
adapted from the standard equation for the volume of a simple cylinder (V=πr2h). 
 
Volume of sample for thin film 
 
              
         
    
 
       
            
            
 
 
Figure 3-2 – Reaction chamber with thin film of precursor  
 
The minimum volume needed to cover the internal surface of the reaction chamber was 
empirically found to be 2.250 ml dispensed from an auto-pipette.  This volume was used for the 
initial testing of the system.  However, given the internal diameter of the reaction chamber was       
75 mm, this exceeded the tangent to the radius of relative centrifuges force.  The effect of this is 
discussed in detail and a subsequent mathematical model was developed to explain the degree of 
variance across the sample. (refer Chapter 3 Section 3.4) 
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3.3 Hyper-gravity centrifuge - concept to construction 
 
In order to investigate the effects of high gravity on the sol-gel process during rapid gelation a 
centrifuge was designed and constructed.  The maximum relative centrifugal force required for this 
series of experiments was 70 g's.  A description of the design, construction and operational 
considerations has been divided into the following sub-sections for ease of discussion.   
 
3.3.1 Centrifuge Enclosure 
 
The standard for safe design and operation of centrifuges was reviewed in depth. The design 
standard stated a number of requirements to be incorporated into the final design of the centrifuge 
[99].  Any object spinning within the centrifuge was required to be slowed by the containment 
enclosure to a non-lethal velocity before it could exit through the containment and enter the 
external surroundings.  Other requirements were the installation of various cutoff switches in case of 
imbalance and an interlock which prevented power being supplied to the motor while the centrifuge 
lid was open.     
The frame of the centrifuge was constructed from 20 x 20 mm RHS with a wall thickness of 2.5 
mm.  The frame was welded together around a central flange assembly, in conjunction with diagonal 
cross supports for extra rigidity.  The upright pieces seen in Figure 3-3 at every 45o were put in place 
to both support the inner cladding and to stop a cup exiting the centrifuge enclosure should a 
catastrophic failure of the rotor or pins ever occur.  The base of the frame was also used as the 
mount for the mechanical system. 
The cladding material of the enclosure consisted of 2mm aluminum sheets.  The cylindrical 
containment for the rotor and cup assembly had two extra layers of 2mm aluminum sheets for extra 
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factors of safety.  Sheeting was fixed with screws so that any panel could be removed for servicing or 
access to the internal systems if required.  
 
 
Figure 3-3- Rotor enclosure frame 
 
Figure 3-4- Centrifuge frame and external containment assembly 
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3.3.2 Mechanical System  
 
This part of the centrifuge had to be designed around pre-purchased components.  The 
components included a 100 W 240 VAC motor, variable frequency motor controller unit and two 
pillow block bearings to support the main shaft.  A two-part base support assembly was designed to 
enable vertical orientation of both motor and the bearings.  Due to limitations of the motors starting 
torque, a 2:1 pulley belt system was incorporated into the design.  This ensured that centrifuge rotor 
assembly would easily overcome inertia and accelerate to desired speeds within a reasonable time 
frame.  This meant the motor support was installed on adjustable tracks to enable the pulley belt to 
be suitably tensioned.  Figure 3-5 and Figure 3-6 shows the two part assembly as well as how the 
motor and bearings are mounted to the frame.   
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Figure 3-5- CAD Models of motor and shaft mount assemblies 
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Figure 3-6 – Mechanical assembly of centrifuge shaft, motor and pulley system (left), mechanical 
assembly as mounted in centrifuge enclosure (right) 
 
A laser tachometer was used to measure the RPM at specific percentage motor power values.  
A plot of the values obtained can be seen in Figure 3-7 which also includes the theoretical RPM 
values.  The difference in measured and theoretical RPM was due to minor efficiency loss in the 
pulley belt drive system. 
 
                            
Figure 3-7 – Plot of Theoretical and measured RPM at various % motor power values 
 
 
P a g e  | 50 
 
 
 
3.3.3 Electrical System 
 
The initial design of the electrical schematic was conducted by the adaptation of a generic 
centrifuge circuit.  However, due to the fact that 240VAC was required for the operation, the final 
design and assembly was left to a fully licensed electrician.   A full electrical schematic for the 
centrifuge system can be found in the appendices section of this thesis along with standard 
operating procedures of the instrument. 
As seen in Figure 3-8, a secondary enclosure within the main structure housed all electrical 
equipment / switches.  This design consideration ensured that if either of the cups or vacuum lines 
failed, chemical solvents / liquids could not reach the circuit boards or frequency controller unit of 
the centrifuge.  
 
Figure 3-8 – Centrifuge control panel 
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3.3.4 Vacuum System 
 
The incorporation of a vacuum system into the centrifuge provided some unique design 
challenges.  Obviously it was not possible to spin the entire external vacuum system in conjunction 
with the centrifuge rotor assembly; therefore a specialized rotating vacuum coupling was sourced 
from Rotary Systems Inc. allowing constant vacuum pressure to be maintained while under high 
revolutions.  The shaft of the centrifuge was hollow providing a line to the external vacuum assembly 
and various connecting T-pieces.  
The lower connecting T-piece was attached fitted via an NPT thread connection to the rotating 
coupling.  Rotation of this t-piece was prevented by a solid horizontal pipe, which was attached to 
the centrifuge frame.  A flexible braided stainless steel line was attached to the opposite side of the 
T-piece, which provided ease of connection to the external vacuum system components through a 
standard flange-type quick connect.   
At the top of the shaft, a second T-piece was used in conjunction with Swagelok compression 
fittings and flexible PTFE tubing to connect the reaction chambers with the vacuum system allowing 
un-restricted rotation of the centrifuge cups and reaction chambers.  Connection of the various 
system components is shown in Figure 3-9 and Figure 3-10. 
 
 
Figure 3-9 – Vacuum system connections 
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Figure 3-10 – Vacuum system design schematic 
 
3.4 Calculations and modeling of gravity field in centrifuge 
 
Due to the fixed geometry of the of the centrifuge cup relative to the rotor it was found that 
from one measurement (incline of the cup) the change in the radius and hence the Relative 
Centrifugal Force (RCF) could be calculated at any point across the entire surface of the reaction 
chamber.  This was advantageous because not only was this able to provide detailed measurements 
of RCF at a specific power level, it also removed the somewhat difficult task of selecting and 
positioning several multi-axis accelerometers capable of measuring high accelerations for extended 
periods.   
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The incline of the cup was measured by first taping a scale rule along the external arm of the 
centrifuge rotor.  A digital SLR was attached to a tripod and placed on the polycarbonate (Lexan) lid 
of the centrifuge ensuring that the camera was fixed 90o incident to the centrifuge rotor.  Since the 
true RPM had already been measured for corresponding percentage motor power, a number of high 
shutter speed (1/500 to 1/2000 second depending on RPM) photographs were acquired while the 
centrifuge was spinning at varied motor power settings.   
 
 
Figure 3-11- Photo of cup incline at 20% motor power  
 
  Table 3-1 – Measured distance of incline from the vertical position and corresponding motor power 
motor power (%) Measured incline (mm) 
20 32.0 
25 16.5 
35 10 
40 6.5 
50 2.5 
60 0 
85 0 
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By using the following equation, the angle of incline ( α ) could be calculated: 
 
      (
                 
 
) ………………………………………………………….Equation 1  
 
where (D=66mm)  the distance to the bottom of the internal surface of the reaction chamber 
 
Figure 3-12 – Used to define the geometric variables used for calculations in the x,y plane 
 
The following equations were used to calculate the remaining unknown variables in  
Figure 3-12: 
      (
 
 
) ………………………………………………………….Equation 2 
 
   √     ………………………………………………………….Equation 3 
 
                    …………………………………Equation 4 
 
            ………………………………………………….….Equation 5 
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Figure 3-13 – Geometry variables in the x,z plane 
 
The following equations were used to calculate the R seen in Figure 3-13 using the value for 
total L calculated using Equation 5: 
 
       √          ………………………………………………………….Equation 6 
 
The values obtained for Ltotal and Rtotal were then substituted into the equation for relative 
centrifugal force (RCF). 
 
           (
       
  
)        ………………………………………….Equation 7 
 
           (
       
  
)        …………………………………………Equation 8 
 
where K = 1.118*10-5 (constant for gravitational acceleration) 
 
 
 
 
 
P a g e  | 56 
 
 
 
Table 3-2 contains a summary of the data used in the modelling of RCF variance across the 
internal surface of the reaction chamber. 
Table 3-2 – Summary of RCF characterisation data 
% motor power Measured RPM Calculated angle of incline (odeg) Average RCF 
20 98 60.50 ------- 
25 139 75.30 4.45 
35 212 81.15 10.50 
40 249 84.26 14.40 
50 321 87.80 23.85 
60 393 90.00 35.75 
85 600 90.00 83.10 
 
A simple mesh code was compiled in Matlab® in order graphically represent the variance in 
RCF across the cup diameter.  The plots generated by the code can be seen in Figure 3-14.  The full 
code used can be viewed in the appendices section of this thesis.   
As seen in Figure 3-14 there is a distinct change in the RCF contour profile across the internal 
surface of the reaction chamber, the “U shaped” profile is most pronounced at lower RPM values 
when the angle of incline is at its shallowest. However, as the angle of incline increases and 
approaches 90o to the horizontal plane, the contribution to the variance in the RCF values is only due 
to the difference in tangential radius across the cup in the horizontal plane.     
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Figure 3-14 – RCF plots at various percentage motor powers  
 
In order to use the data obtained from the RCF modeling as an “accelerometer”, 
measurements of the RCF profile formed in the actual gel needed to be obtained and then the two 
plots overlaid.     
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Figure 3-15 consists of the RCF plot at 50% motor power (~24 g’s) with an overlay of the 
measurements made with a micrometer of the outline left from the gel product within the reaction 
chamber itself.  The shaded area is where the gel pooled during high gravity synthesis, thus 
confirming the model as a suitable calibration method for determining RCF values for gelation. 
 
 
Figure 3-15- RCF contour plot with measured overlay of gelled sample 
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3.5 Reduced Gravity Test system  
 
The reduced gravity test system – (RGTS) is the second experimental platform used to conduct 
rapid sol-gel reactions in the drop tower test facility.  Some design implications were apparent from 
the start.   Not only did the system have to be autonomous once in free-fall, it had to be robust 
enough to tolerate large deceleration loads (circa. 20 g's) whilst fitting within specified volume 
constraints of the drop shelf.   
The design consisted of a spilt level shelf in which the vacuum dump tank was arranged 
horizontally in the bottom of the assembly as dictated by space constraints of the drop shelf.  The 
reaction chambers, solenoid valves and pressure gauge were connected in a simple manifold 
arrangement and this assembly was placed on the top shelf, ensuring that the reaction chambers 
were orientated horizontally to the direction of free fall.   
In conjunction with the vacuum system components used in the centrifuge, electronic 
solenoid valves for automated vacuum control and a secondary pressure gauge for data logging 
were used in this system.  The data acquisition system was also used to record reaction chamber 
temperatures over the test duration.  The test system schematic including a summary of the 
components can be seen in Figure 3-16, 1/4 inch stainless steel Swagelok compression tube fittings 
were used in the construction of the vacuum system to eliminate any orientation problems with the 
various components.   
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Figure 3-16 – RGTS basic schematic  
 
 
 
 
 
 
 
 
 
 
Figure 3-17 – Photos of RGTS system  
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3.5.1 Data acquisition and control system  
 
The DAQ and control system was designed to interface with a board from Onset Computer 
Corporation (Tattletale model TT-8).  The full list of specifications and operational capabilities of this 
board can be found on the manufactures website (http://www.onsetcomp.com/).  In standard 
configuration, however the device is capable of supplying 25 digital I/O channels for control 
applications and 8 analogue channels with a 12-bit-AD converter for data logging.  A simple program 
code was written in C basic (using supplied TxTools software) which facilitated the operation of the 
test system. 
Three digital outputs and three analogue inputs were used for the standard operation of the 
test system.  The first of the digital channels was used as a feedback loop to determine when a drop 
had commenced and trigger subsequent valve operation and data logging sequence.  The other two 
digital outputs were used to trigger the solenoid valves thus control the vacuum pressure.  The three 
analogue channels provided logging of the output voltages from two active temperature sensors 
(LM35) and single pressure sensor (Teledyne Hastings 760).  The flow chart seen in Figure 3-18 
provides a brief description of how the code operates during the test.  The full code and electrical / 
pneumatic schematic of the RGTS system can be found in the appendices section of this thesis. 
A separate standalone commercial data acquisition system was used to measure changes in 
acceleration.  This instrument was called Rocket Data Acquisition system (RDAS) and was 
manufactured by AED electronics.  The internal single axis accelerometer had a working range of 
±50g and a sampling rate of 200Hz.  
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Figure 3-18 – Tattletale™ code operation flow chart 
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Figure 3-19 is a plot of the vacuum pressure vs. drop time acquired by the data acquisition and 
control system on board the RGTS.  A 100-millisecond delay was written into the code to account for 
a phenomenon known as G jitter, which usually occurs immediately after package release as various 
accelerations fluctuate.  Once energized, the solenoid valves take 100 milliseconds to open fully and 
allow gas flow.   The a vacuum pressure of less than 120 mbar is then attained in the reaction 
chambers as volatile components in the reaction precursor boil off.  Due to design and operation 
limitations of the vacuum gauge, vacuum pressure will be lower than indicated due to errors of 
measurement arising from condensation of solvent on the internals of the gauge itself, which cannot 
be avoided.     
 
 
Figure 3-19 – Vacuum pressure vs. time for RGTS  
  
Acceleration vs. time traces collected by the RDAS are presented in Figure 3-20 with the 
various signal artefacts labelled accordingly, sampling rate of the RDAS was set at 200Hz. 
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Figure 3-20 – RGTS Acceleration vs. time  (top) expanded view of reduced gravity (bottom) 
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3.6 Normal Gravity Testing 
 
Two types of normal g test were undertaken, ground based in the Reduced G system and 
stationary testing in centrifuge.  This was to investigate changes in the properties of the reaction 
products caused by subtle differences in the two test systems. 
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4 Experimental methodology 
 
4.1 Introduction 
 
The purpose of this chapter is to present the experimental equipment and methodology 
developed and used to investigate the research problem.  A discussion of the scientific process for 
precursor development / characterisation and the experimental regime undertaken for varied gravity 
synthesis will be discussed.  Also outlined are the standard operating conditions and instrument 
parameters used in the chemical characterisation of precursors, synthesis products as well as the 
operation of both the centrifuge and reduced gravity test system. 
 
4.2 Precursor development 
 
This section presents the methods used to find a suitable single solution chemical precursor for 
sol-gel testing in varied gravity.  Due to the complexity of the task, an experimental scheme was 
proposed according to the flow chart seen in Figure 4-1.  This approach allowed the combination of 
theoretical considerations as well as empirical testing to develop a working precursor, which would 
be used for further validation and characterisation.  A discussion of the theoretical considerations is 
provided this section.  The experimental results of the empirical mixing tests and precursor 
characterisation will be presented in Chapter 5.       
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Figure 4-1- Precursor development methodology 
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4.2.1 Precursor considerations and experimental limitations 
 
 Due to the 2.0-second time restriction placed on the reduced gravity experiments by the 
available free fall period, it was imperative to develop a suitable chemical precursor mixture.  The 
precursor was therefore required to be chemically un-reactive at ambient pressure and elevated 
temperatures between 40 to 70oC for an extended period (5 mins) in order to prepare the 
experimental system for use.   
The precursor mixture needed to react within the time available (2 seconds) needed to only be 
initiated on exposure to reduced pressure (vacuum), subsequently forming a gelled product.  This 
ensured the final chemical structure would be “locked in” and the reaction completed before the 
high g impact  (>20 g’s) occurred with the airbag deceleration system.   The final product also needed 
to originate from a single solution precursor mixture containing all of the reactants required for the 
complete reaction, as mixing of reagents during testing was not viable.   
 The benefits of a performing a sol-gel synthesis reaction from a single reaction solution are 
numerous and are summarized well in Figure 4-2 which was adapted from Brinker et al. [27, 46].           
As depicted in the figure, greater control of the hydrolysis and condensation reactions can be 
achieved in homogenous solutions through sustained reactions thus reducing the probability of rapid 
precipitation occurring.  This can also be greatly assisted by chemical precursor modification.  Also, 
note that in heterogeneous reaction systems, inherent concentration and mixing gradients become 
apparent which would almost certainly affect any subtle physical phenomena seen in varied gravity 
synthesis conditions.  
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Figure 4-2 - Comparison of homogenous and heterogeneous solution reactions 
 
As discussed in the literature review there are a limited number of precursor compounds 
available for synthetic use (alkoxide / inorganic).  It was decided that titanium tetrachloride (TiCl4) 
would be an unsuitable candidate due to the substantial amount of hydrochloric acid produced 
during the reaction.  Given the fact that the majority of the test systems’ vacuum components were 
constructed of stainless steel it would be particularly susceptible to chloride attack.    
The alkoxide synthetic route became the most logical choice given since this precursor solution 
could be made with volatile organic solvents such as alcohols.  This volatile solvent would aid in the 
removal of solvent under reduced pressure and elevated temperature in order to initiate the sol-gel 
reaction.  In addition, other compounds such as water are somewhat soluble in alcoholic solvents of 
short carbon chain lengths (<C4) [47].   
Titanium tetra-isopropoxide (TPT) was readily available and was not only found to be the most 
reactive of the Ti (IV) alkoxides (with respect to water), but also the easiest to stabilize according to 
extensive previous studies on organic chelation [23, 27, 32, 42, 45, 49, 52, 53, 100].   Due to the 
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inherent reactivity of TPT with any source of moisture (even atmospheric), it was imperative that the 
compound was purified by distillation before use in order to ensure that the extent of partial 
hydrolysis before stabilization was kept to a minimum.  The high boiling point of TPT 227.5oC [101] 
also meant that distillations would need to be undertaken at reduced pressure and under an inert 
atmosphere to prevent reaction of distillates with moisture.  This was accomplished with a Schlenk 
line with a constant argon curtain (7 PSI).  TPT is also known to form an azeotrope with free iso-
propanol from hydrolysis reactions in the pre-distilled product at ambient pressures, so distilling at 
reduced pressure helped to break the azeotrope [101].   
 
4.2.2 Reaction solvent and inhibitor consideration and selection 
 
Three main alcohol solvents (methanol, ethanol and iso-propanol) were chosen to investigate 
individual suitability for use with an alkoxide precursor.  The solvents were chosen as potential 
candidates because they all have boiling points in the range of 60-85oC at STP.  The ability to dry the 
solvents through distillation was also taken into account, as it was important to control water 
content within the precursor mixture.   
Initially it was decided that ethanol would be a suitable candidate as a solvent for the 
precursor and subsequent reaction.  It has a lower boiling point than iso-propanol (78.4oC compared 
to 82.4oC) [101].  However, on further investigation, the azeotrope between ethanol and water could 
not be broken in these conditions and there would be a substantial loss of added water limiting the 
availability for reaction completion.  Also as indicated by previous work [25, 27, 42, 102, 103] ethanol 
undergoes significant alcoholysis (ligand exchange) with isopropoxy ligands bound to titanium 
centres adding to the complexity of the various sol-gel reactions.    
Methanol was the next candidate considered as it has a lower boiling point (64.7oC) [101] and 
good miscibility with other chemical reagents.  There is also no azeotrope formation with water and 
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limited evidence of alcoholysis reactions due to very low stability of methoxy species (pKa 
considered) within this mixture.  Methanol also has the highest vapour pressure of the three 
candidate alcohols as shown in Table 4-1.  The higher volatility would only further assist evaporation 
rates in the reduced pressure test system.  
 
Table 4-1- Vapour pressures of alcohol solvents  
Solvent Vapour Pressure (mm Hg)* 
Methanol 92 
Ethanol 40 
Isopropanol 33 
*data obtained from Australian MSDS – Chem-watch Version No.4 2009  
 
All experimentation would subsequently be conducted with methanol as the solvent.  The 
solvent was prepared by distillation under reduced pressure and an argon curtain in a Schlenk line to 
ensure maximum dryness.   
As discussed in the literature review, there are a number of ways of inhibiting or controlling 
the hydrolysis of titanium alkoxides.  Due to the demonstrated use of acetylacetone in the literature 
[27, 33, 34, 36, 42, 44, 46, 52, 100] and the availability of the compound it was chosen as the primary 
hydrolysis inhibitor for the reaction.  Acetylacetone was easily purified, again with the use of a 
Schlenk line.  Care was also taken to keep the distillate away from light as it was found to be light 
sensitive thereby reducing its shelf life and usability.   
 Acetic acid was demonstrated by Brinker and others [25, 27, 44] to have the unique property 
of acting as both a temporary hydrolysis inhibitor and a condensation catalyst.  The mechanisms of 
which are discussed in the literature review.  For this study, glacial acetic acid was sourced and 
purified by distillation on a Schlenk line.  
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4.3 Varied gravity experiments 
 
The purpose of this section is to outline the experimental methodology and operating 
procedures used in preparing samples for investigating the effect of varied gravity on the titania sol-
gel process.  An experimental test matrix was proposed where samples would be produced at a 
number of acceleration intervals from reduced gravity up to 70 g’s as shown in Figure 4-3.  Samples 
were made in triplicate to ensure data confidence and statistical reproducibility.  Normal gravity tests 
were conducted in both the reduced gravity test system and the centrifuge for individual comparison 
to understand and anticipate any apparent effects of the unavoidable difference in vacuum system 
design.  The normal gravity data obtained could then be used for direct comparison with the other 
varied gravity samples.   
 
Figure 4-3 – Varied gravity experimental testing outline 
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With the experimental test outline established, the next task was to develop a robust 
characterisation scheme, which would both provide data for elucidating the effect of varied gravity 
on each sample and would ensure successful sample synthesis.  Figure 4-4 shows the process that 
was developed.  After a sample had been synthesised, a preliminary characterisation was 
undertaken.  The results of are presented in Chapter 6.  If the sample showed signs in the vibrational 
spectra that a successful reaction had taken placed, full instrumental characterisation was 
undertaken.  This step ensured that time would not be wasted characterising a product that was 
unsuitable.   
Full sample characterisation was split into four separate analyses, with the combined results 
interpreted to understand the overall effect of gravity.  Three key properties were investigated; 
phase, pore morphology and surface area.  These physio-chemical properties were identified in the 
literature review as being the most likely to be altered or effected by gravitation variations during 
synthesis [1, 2, 4, 5, 13, 14, 63, 64, 66, 71].  The results obtained in the preliminary and full 
characterisation are presented in Chapter 6. 
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Figure 4-4 – Varied gravity synthesis characterisation methodology 
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4.3.1 Centrifuge test operating procedure 
 
This section describes the procedures followed to prepare the centrifuge and associated 
equipment for each experiment.  The centrifuge cups and reaction chambers were preheated to      
80 oC for an hour.  This gave final internal temperature of the reaction chamber of 60 oC when 
measured with a thermocouple (type K) and multimeter before each test.  While the preheating was 
undertaken, the vacuum system was connected to the turbo-molecular vacuum pump and evacuated 
down to the minimum desired operating pressure of 5-10 mBar. The vacuum dump tank was then 
disconnected from the pump and connected to the centrifuge assembly.   
The chemical precursor was prepared as described in Chapter 5.  The preheated reaction 
chambers and centrifuge cups were removed from the oven.  The centrifuge cups were installed in 
the centrifuge and the reaction chambers were allowed to cool to an internal temperature of 50 oC.  
This temperature ensured that when the precursor was added, the desired reaction temperature of 
45 oC was reached once the fluid was injected into the reaction chambers.   An auto-pipette was used 
to inject precisely 2.5 ml of precursor into each reaction chamber.  The reaction chambers were then 
placed into their respective centrifuge cups and the flexible Teflon vacuum hoses were secured.  The 
centrifuge lid was then closed allowing the centrifuge to be powered up. 
  After the inverter had powered up, the chosen % motor power setting was selected to 
achieve a specified gravity level in the cups (see chapter 3 for motor power settings).  The motor was 
then switched on and allowed to spool up to full speed (approx. 10 secs).  The manual valve was then 
opened allowing the vacuum to be applied through the centrifuge to the samples in each reaction 
chamber.  It took approximately 3.5 seconds to reach minimum vacuum pressure; the transient 
pressure gradient was not violent enough to remove the contents of the reaction chamber only 
assisting in boiling off excess solvent.  The vacuum remained open for at least 45 seconds as 
preliminary testing showed that this was the minimum time to ensure reaction completion at 70 g’s.  
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The vacuum valve was then closed and the dump tank was immediately disconnected from the 
centrifuge allowing the system to vent to atmospheric pressure.   
Power was then cut to the motor and the centrifuge was allowed to come to rest (5-10 secs).  
Once the rotor assembly was stationary, the lid was opened and the reaction chambers were 
disconnected and removed.  The reaction chamber lids were removed and the bases were allowed to 
cool before removing the reaction products.   
A flexible nitrogen line was connected to the vacuum port on the centrifuge and nitrogen gas 
was flowed through the system to purge any condensed fluids before beginning another test.  
Reaction products were removed and weighed on an analytical balance, the appearance of the 
product was also noted at this time.  The run was then repeated as two centrifuge runs were 
required to generate enough of a combined sample for analysis.                 
 
4.3.2 Reduced gravity test system operating procedure 
 
The reactions chambers were preheated as described in Section 4.3.1, except this system 
called for higher reaction temperatures due to the short time scale imposed on the system during 
free fall.  Higher initial temperatures also ensured that the internal reaction temperature did not fall 
below 50oC during the experiment.   
This test system operated at a lower starting pressure of approximately 4 mbar as the system 
contained less components that caused pressure leaks such as the rotary vacuum coupling in the 
centrifuge.  The dump tank was connected to the vacuum pump and evacuated as described in the 
previous section.  Once approximately 4 mBar was indicated on the pressure gauge, the manual 
vacuum isolation valved was closed and the pump was powered down and disconnected.   
    A smaller volume of chemical precursor was also used (1.250 ml) as initial testing indicated 
that 2.5 ml of chemical precursor in each chamber could not react in the allocated 1.8 seconds.  This 
P a g e  | 77 
 
 
 
volume did however still cover the entire bottom surface of the reaction chamber.   Calibrated auto 
pipettes were again used to dispense the required volume of precursor into each reaction chamber.  
The reaction chambers were then connected to the vacuum manifold located on top of the test rig 
chassis and sealed with flange type vacuum quick connects.  For ground tests of this system, the test 
rig was left to sit on the bench for 5 mins to replicate the conditions expected during test preparation 
in the drop tower.   
The test was then initiated by opening the control loop circuit on the data acquisition and 
control system and allowing the system to run to completion.  After the test, again the system was 
left to stand for a further 5 mins to replicate drop tower operations such as package retrieval from 
the airbag etc.  
The data acquisition and control system was then connected to a laptop and the data from the 
test downloaded.  The reaction chambers were then disconnected and removed from the test 
apparatus and allowed to cool as previously described.  The samples again accurately weighed and 
their subsequent yields recorded. 
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4.4 Instrumental Characterisation  
 
This section describes the operating conditions for all instrumentation used for both the 
characterisation of precursor materials and final products.   
 
4.4.1 Micro-Raman Spectroscopy  
 
The spectra obtained from Raman spectroscopy of the various samples were used to 
investigate the phase morphology of the products.  Samples were orientated on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objectives which forms part of a Renishaw 
1000 Raman microscope system.  The system also includes a monochromator, a filter system and a 
charge coupled device (CCD).  Raman spectra were excited by a HeNe laser (633 nm) at a resolution 
better than 4 cm-1 in the range between 4000-100 cm-1.  Repeated acquisitions using the highest 
magnification with at least 16 x 10 second scans were accumulated to improve signal to noise ratio.  
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. 
 
4.4.2 FT-Raman Spectroscopy 
 
FT-Raman spectroscopy was used when samples could not be run on the micro-Raman system 
such as when spectra were taken of volatile components and reactive precursor solutions.  All FT-
Raman spectroscopic measurements were carried out on a Perkin–Elmer System 2000 NIR FT-Raman 
spectrometer, equipped with a diode pumped Nd-YAG laser (1064 nm) as an excitation source and a 
room temperature InGaAs photoelectric detector. The backscattered radiation was collected at 180o 
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to the excitation. Typical spectra were recorded in a range of 200 -3800 cm-1 at a laser power of      
320 mW. Each spectrum collected consisted of 32 co-added scans with spectral resolution of 8 cm-1.  
 
4.4.3 Infrared Spectroscopy 
 
Infrared spectroscopy was the first investigative tool used directly after synthesis to begin 
characterisation of the products.  It was also used during the formulation of the precursor solutions 
to assist in determining the compounds present.  Infrared spectra were obtained using a Nicolet 
Nexus 870 FTIR spectrometer with a smart endurance single bounce diamond ATR cell.  Spectra were 
collected over the region of 4000-525 cm-1 by the co-addition of at least 128 scans with a resolution 
of 4 cm-1 and a mirror velocity of 0.6329 cm/s.  Spectra were co-added to improve the signal to noise 
ratio.  
 
4.4.4 UV-Vis Spectroscopy 
 
UV-Vis spectroscopy was used in the kinetic and gel stability investigation work.  Increases 
in absorbance over time were used to interpolate particle formation and hence reaction 
progress at various temperatures and precursor concentrations.  The UV-Vis spectra were 
obtained using a Varian Cary 100. All samples were run in absorbance mode, which was baseline 
corrected with a blank sample. The instrument contained a heating block accessory, which was 
used to perform the reactions at various elevated temperatures. The scanning kinetics mode 
software was used to scan the sample every 30 seconds for 25 minutes at the required 
temperature. The samples were made as described in Chapter 5.  4 ml of precursor was 
transferred by pipette to plastic UV-Vis cuvettes, placed in the instrument and allowed to reach 
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thermal equilibrium with the heating block before the run was started. All samples had their first 
scan within 40 seconds of the initial mixing.  
 
4.4.5 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
 
NMR was used to not only characterise the structure of the various precursor compounds but 
also determine their relevant stoichiometric ratios in solution by comparing peak integration.  A 
Bruker Helios 400 MHz instrument equipped with a 5 mm QNP probe was used for proton NMR.  
Approximately 100 uL of sample was added to 5 ml of deuterated chloroform (CDCl3) which had been 
pre-dried by filtering through a column packed with anhydrous sodium sulphate and aluminium 
oxide.  No relaxation agents were used and the experiments were all conducted at 298 K.  Data 
treatment consisted of a Fourier transform and spectral phase correction using the supplied 
instrument software. 
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4.4.6 Gas Chromatography – Mass Spectrometry 
 
GC-MS was used to analyse distillate samples obtained from simulated rapid bulk gelation 
trials on a rotary evaporator and a Schlenk line.  Samples were auto-injected using multi-sample 
carousel.  The table below contains the operating parameters of the system. 
   
Table 4-2- GC-MS method     
Oven settings 
Temperature 60oC 
Front Inlet Mode settings 
Mode Split injection 
Initial temperature 220 oC 
Pressure 1.02 PSI 
Split Ratio 100:1 
Split Flow 125.6 ml/min 
Total Flow 129.5 ml/min 
Carrier Gas Helium 
Column Agilent 19091S-113 HP-5MS 
Front Detector settings 
Temperature 250 oC 
Constant/Make up flow 45 ml/min 
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4.4.7 Brookfield DV-III Rheometer 
 
Rheological data was collected using a concentric cylinder Brookfield Digital Rheometer 
(Model DV-III) connected to a water bath to obtain temperature variation. The rheometer was 
levelled and calibrated using a viscosity standard supplied by the manufacturer.  The instrument was 
then zeroed before each run. Samples were run at differing temperatures between 25°C and 40°C, 
which depended on the observations made during the formation of gels at room temperature. A 
continuous flow of water from the water bath maintained the temperature of the reaction. The 
samples were mixed and transferred immediately to the reaction cylinder for the measurements to 
begin. All samples had their first measurement taken around 40 seconds after the initial mixing. All 
measurements were taken at 11 RPM as the shear rate at this speed is low enough not to physically 
affect gel formation. The data was recorded manually at various time intervals and plotted 
accordingly. 
 
4.4.8 X-Ray Diffraction 
 
X-Ray Diffraction is a technique that was used to determine crystalline phase morphology of 
the synthetic products from the various test systems.  XRD analysis was performed on a PANalytical 
X’Pert PRO® X-ray diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a 
line focused PW3373/10 Cu X-ray tube, operating at 45 kV and 35 mA. The incident beam passed 
through a 0.04 rad, Soller slit, a ½ ° divergence slit, a 15 mm fixed mask and a 1 ° fixed anti scatter 
slit. After interaction with the sample, the diffracted beam was detected by an X’Celerator RTMS 
detector fitted to a graphite post-diffraction monochrometer. The detector was set in scanning 
mode, with an active length of 2.022 mm. Samples were analysed utilising Bragg-Brentano geometry 
over a range of 5 – 75 °2θ with a step size of 0.02 °2θ , with each step measured for 200 seconds 
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4.4.9 Thermo-gravimetric Analysis 
 
Thermo-gravimetric analysis is a technique that was used to determine the thermal stability of 
various reaction products.  When coupled with differential heat flow measurements, various physical 
phenomena such as phase changes, which do not result in a mass loss, can be studied.  Thermal 
decomposition of the solid samples was carried out in a TA® Instruments Inc. high-resolution thermo-
gravimetric analyser (series Q500) in a flowing oxygen atmosphere (60 cm3 min-1). Approximately 20-
35 mg of sample underwent thermal analysis, with a heating rate of 5 °C min-1 and resolution of 6 to 
1000 °C. With the quasi-isothermal, quasi-isobaric heating program of the instrument, the furnace 
temperature was regulated precisely to provide a uniform rate of decomposition in the main 
decomposition stage. 
 
4.4.10 N2 Adsorption    
 
Nitrogen adsorption measures were carried out to investigate the surface area and pore 
morphology of the final products.  Depending on the initial porosity and surface area measured, it 
was then decided as to which nitrogen adsorption instrument was most suited to a particular sample 
(ie whether or not the sample microporous or mesoporous).  All samples were initially dried in an 
oven overnight at 150 oC in an open vessel.  They were then degassed under nitrogen in tubes at 
150oC for at least 6 hrs on a Micrometrics Flowprep 060 vacuum degasser. The samples were then 
run and analysed on a Micrometrics Tristar 3000 automated gas adsorption analyser.  Samples 
requiring micropore analysis were run on a Tristar 2020 automate gas adsorption analyser and were 
degassed under vacuum on this instrument at 150oC for approximately 12 hours.     
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4.4.11 Transmission Electron Microscopy 
 
Transmission Electron Microscopy (TEM) was used as a technique to visually characterise the 
final solid samples produced.   Samples were prepared for Transmission Electron Microscopy (TEM) 
analysis by dispersing a small quantity of dried sample (ca. 5 mg) in a suitable volume of methanol 
(ca. 15 cm3, Merck) prior to dispersal. The dispersions were homogenised into solution by ultra-
sonication. Dispersions were sonicated for a period of time (ca. 5 min) using a sonic horn (Branson 
Ultrasonics, Sonifier 250) at mild operating conditions (40 dB). Following sonication, one drop of the 
homogenised solution was placed onto a holey-carbon, copper-mesh grid (300 mesh Cu, ProSciTech). 
The grids were dried using the radiative heating of a 25 W halogen lamp for a period of time (ca. 
5 min). The samples were analysed using a JEOL 1010 Transmission Electron Microscope operating at 
100 kV. It was found that the sample did not exhibit any substantive degradation under the electron 
beam. 
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5 Precursor Characterisation 
 
5.1 Introduction 
 
The purpose of this chapter is to present the results of the extensive precursor development 
work. As outlined in Chapter 4, a number of tasks were undertaken.  These included an empirical 
study to develop a suitable precursor, instrumental characterisation of the chemical precursor, a 
stability study of the precursor series and analysis of by-products of a gelation reaction.   
 
5.2 Preliminary empirical experiments and observations  
 
An initial study was undertaken to establish which mixture ratios of TPT: acac: AcOH would 
result in stable sols, but would then form gels when reacted with stoichiometric water ratios.  This 
was achieved by keeping the concentration of TPT and acetic acid constant while varying acac ratios.  
Acac ratios were varied, because as demonstrated by Livage et al. [44, 52], it was the most strongly 
bound ligand in this system and was least likely to be hydrolysed during the subsequent sol-gel 
reactions.  Table 5-1 shows the volumes of the various reagents used to achieve 1:20 – 3:20 acac 
ratios. 
Table 5-1 – Mixture data for various HT-AMe precursors  
Mixture TPT (ml) Acetylacetone (ml) Acetic acid (ml) Methanol (ml) 
HT-AMe1 30.00 0.2635 3.172 68.00 
HT-AMe2 30.00 0.5270 3.172 68.00 
HT-AMe3 30.00 0.7905 3.172 68.00 
 
P a g e  | 87 
 
 
 
A simple titration based experiment was devised to assess the effect of known volumes of 
added water on the precursor sol. Water was added drop wise by a burette to a continually stirred 
precursor solution until a visible reaction was noted. The results of this experiment are presented in 
Table 5-2. 
Table 5-2 – Titration data and observations  
Titration trial data 
Precursor  Observation / results 
HT-AMe1 (ml) MeOH (ml) Water (ml) 
10.00 10.00 3.42 
Reacted immediately (10mins) 
formed thick colloid 
10.00 15.00 1.20 slowly thickened, then formed clear 
gel (10mins) 
10.00 20.00 1.00 Self-gelled within (10-15mins) 
10.00 10.00 0.50 Colloidal / visible Tindal scattering 
observed  (30mins) 
 
From the results obtained in the titration experiments, it was clear that both the amount of 
extra methanol added as well as the amount of water added had a significant effect on the stability 
and reactivity or the precursor.   
The next reaction series presented in Table 5-3 and Table 5-4 involved increasing the amount 
of excess methanol to vary the concentration of water in the reaction mixture.  The purpose of this 
experimental series was to assess the stability of individual mixes visually.  On mixing, the samples 
were monitored for evidence of reaction such as precipitation or viscosity changes.  Results are 
presented in Table 5-5. 
 
Table 5-3 – Mixture series HT-AMe1 with varied excess of added methanol 
Sample 
Precursor  Water / MeOH ratio 
HT-AMe1 (ml) Water (ml) Methanol (ml) 
HT-AMe1-05 10.00  0.725  5.00 
HT-AMe1-10 10.00 0.725  10.00 
HT-AMe1-15 10.00  0.725  15.00 
HT-AMe1-20 10.00  0.725  20.00 
HT-AMe1-25 10.00  0.725  25.00 
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Table 5-4 – Mixture series HT-AMe2 with varied excess of added methanol 
Sample 
Precursor  Water / MeOH ratio 
HT-AMe2 (ml) Water (ml) Methanol (ml) 
HT-AMe2-1-05 10.00 0.725  5.00 
HT-AMe2-1-10 10.00 0.725  10.00 
HT-AMe2-1-15 10.00 0.725  15.00 
HT-AMe2-1-20 10.00 0.725  20.00 
HT-AMe2-1-25 10.00 0.725  25.00 
HT-AMe2-2-05 10.00 1.450 5.00 
HT-AMe2-2-10 10.00 1.450  10.00 
HT-AMe2-2-15 10.00 1.450  15.00 
HT-AMe2-2-20 10.00 1.450  20.00 
HT-AMe2-2-25 10.00 1.450  25.00 
HT-AMe2-2-30 10.00 1.450  30.00 
 
Once mixed samples were continually stirred.  The viscosity was also visually checked and the 
containers were sealed to prevent solvent evaporation. The experiment was conducted over a 
period of 10 minutes.  Visual observations were made during this period; changes in viscosity were 
noted as the solution was stirred.  All observations are recorded in the table below. 
Table 5-5 – Experimental observations  
Sample Reaction Time Observations 
HT-AMe1-05 1.5 mins Colloidal self-gelled 
HT-AMe1-10 
3.5 mins 
After 10.0 mins 
Colloidal, slightly opaque, viscosity increase 
Self-gelled – clearer than sample 1.0 
HT-AMe1-15 5.0 mins Colloidal, slight viscosity increase 
HT-AMe1-20 After 10.0 mins Colloidal, very slight increase in viscosity 
HT-AMe1-25 ------------- Clear no change or reaction observed 
HT-AMe2-1-05 
2.0 mins 
After 10.0 mins 
Colloidal, slight gelation 
Self-gelled, flows very slightly 
HT-AMe2-1-10 2.5 – 3.0 mins Clear, increase in viscosity 
HT-AMe2-1-15 3.5 mins Clear, slight increase in viscosity 
HT-AMe2-1-20 ------------- Clear, no visible reaction 
HT-AMe2-1-25 ------------- Clear no visible reaction 
HT-AMe2-2-10 
0.5 mins 
1.5 mins 
5.0 mins 
Colloidal 
Increase in viscosity 
Further increase in viscosity 
HT-AMe2-2-15 1 min Clear, slight change in viscosity 
HT-AMe2-2-20 ------------- Clear, no visible reaction 
HT-AMe2-2-25 ------------- Clear, no visible reaction 
HT-AMe2-2-30 ------------- Clear, no visible reaction 
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Samples from this series were selected to undergo further stability testing using rheology and 
UV-Vis spectroscopy to assess relative thermal stability of the various chosen mixes.  This work is 
presented in Section 5.5 of this chapter. 
 
5.3 Structural confirmation with nuclear magnetic resonance and infrared spectroscopy   
 
Once the appropriate mix ratios were determined, it was imperative to determine the 
molecular structure and speciation of the modified precursor, so that a thorough appreciation of the 
reaction system could be attained. 
Initially, column chromatography, a traditional separation method, was employed to isolate 
compounds for characterisation.   With the large excess of methanol, any NMR studies with the 
solvent present would prove impossible, as the solvent signal would swamp any signal from target 
molecules.  However, significant difficulty was encountered when trying to separate the precursor 
mixture.  Using thermally activated neutral alumina (150oC / 48 hrs.), dried solvents 
(dichloromethane distilled over Calcium Hydride) and an inert argon atmosphere (Schlenk line) 
reaction of the precursor compounds with the stationary phase could not be prevented.  This was 
confirmed by conducting infrared spectroscopy on the eluted samples.     
At this point, it was decided that a separate trial would be conducted where no solvent 
(methanol) was added.  A micro-scale concentration series was conducted where only acac was 
added to TPT in 5 part mole ratios from 1:20 up to 20:20.  This experimental series assisted in the 
determination of which peaks were due to acac or TPT in the 1H NMR and IR spectra.  This was 
important, as there was some disagreement in the literature as to the actual structural confirmation 
of the final complex (monomeric or dimeric) [27, 33, 34, 36, 104].  
Again, it proved difficult in preventing unwanted hydrolysis and condensation reactions 
occurring once the sample was added to deuterated chloroform (CDCl3).  This was rectified by drying 
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CDCl3 with a pre-packed column (Pasteur pipette) containing thermally activated neutral alumina, 
anhydrous sodium sulphate (drying agent) and cotton wool.  This particular solvent mixture would 
also reduce the concentration of residual moisture.  Carbon disulphide (CS2) was suggested and it 
was found that an approximate 60/40 mixture of CDCl3 / CS2 would ensure there was not enough 
residual water to induce a reaction with the precursor compound, whilst maintaining a high enough 
ratio of CDCl3 to obtain reasonable quality spectra.  A description of the operating conditions of the 
NMR instrument used for the following characterisation and analysis can be found in Chapter 4.       
 
 
Figure 5-1 –Structural assignments of acac : TPT complex in 1H NMR spectrum  
 
Figure 5-1 is a 1H NMR spectrum of a 1:20 mole mixture of acac :TPT prepared for this study.  
Peak assignments were made and compared to those of Errirngton et al. and were found to be in 
good agreement with the literature values [104].  Also, the spectrum obtained in this instance also 
confirmed that the molecular structure of the inhibited complex is in fact dimeric as seen in the 
structure depicted in Figure 5-1.    
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Figure 5-2 – 1H NMR expanded spectrum of actual 1:20 acac : TPT  precursor  
 
Figure 5-2 shows the full spectrum taken of the 1:20 precursor including the two main areas of 
interest shown in the expanded views.  The characteristic peak for the “α hydrogen” of the acac 
ligand can be seen at 5.50 ppm, as can the two septuplets characteristic of the “α hydrogen’s” in the 
isopropoxy groups.  The septuplet at 4.0 ppm is of free isopropanol in this case. The peaks seen 
between 2.5 to 1.0 ppm are due to various methyl groups of both acac and isopropoxy ligands and 
isopropanol.  It should be noted at this point that free isopropanol was liberated during the reaction 
of TPT with acac to form this product, which was not removable from the sample before this analysis 
was undertaken due to the risk un-wanted hydrolysis reactions. 
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The 1H NMR spectra shown below in Figure 5-3 are of the concentration series from 1:20 to 
20:20 acac:TPT.  As expected, the two characteristic peaks of acac at 5.5 and 2.0 ppm increase in 
intensity as the concentration of the inhibitor increases.  There is also a corresponding increase in 
the isopropoxy septuplets at 5.0 and 4.5 ppm as the number of coordinated species increase.  There 
is some variance in the amount of free isopropanol seen as the septuplet peak at 4.0 ppm, this likely 
due to variations in the ligand exchange in the samples. 
 
 
 
Figure 5-3 – 1H NMR concentration series of acac : TPT ppm 6.0-1.0   
 
Specific peak data, including integrations is presented in Table 5-6. This data was used to 
calculate actual experimental ratios acac to TPT for comparison with proposed concentration ratios 
of each mixture. 
 
 
 
P a g e  | 93 
 
 
 
Table 5-6 – NMR spectral data summary from acac : tpt mixture series  
Compound 
Functional 
Group 
Peak 
description 
ppm 
NMR peak integration 
1:20 5:20 10:20 15:20 20:20 
TPT 
α-H septuplet 4.51 55.8 56.4 4.70 1.5 1.2 
methyl H doublet 1.25 435.7 444.1 37.9 12.4 9.7 
2nd α H (opp acac) septuplet 4.79 1.8 1.8 0.9 1.0 0.8 
acac 
α-H singlet 5.53 1.0 1.0 1.0 1.0 1.0 
methyl -H doublet 2.04 5.7 5.9 3.3 3.4 3.4 
 
Using the integral data from Table 5-6 the ratios of acac to TPT were back calculated for two 
purposes, the first to confirm the dimeric structure of the stabilised complex and secondly to ensure 
that an increase in concentration of acac did not change the structural confirmation of the dimer. 
 
             
                                                  
 
 ……………………………….. Equation 9 
 
Table 5-7 – Experimentally determined acac : tpt ratios from integration data 
Expected ratio Total α-H integration Experimentally determined ratio 
1 : 20 57.6 1 : 19.2 
5 : 20 58.2 1 : 19.4 
10 : 20 5.6 1 : 1.88 
15 : 20 2.5 1 : 0.84 
20 : 20 2 1 : 0.67 
 
The variance in the 15:20 and 20:20 ratios of acetylacetone was believed to be due to the 
effect of increased signal from free isopropanol peak at 4.0 ppm effecting the overall integration of 
surrounding peaks.  However, the integration confirmed the concentration region of 1:20 to 5:20, 
which is where the precursor solutions will be synthesised and used for further experimental testing. 
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A similar study was undertaken on the concentration series used for 1H NMR except this time 
the samples were characterised using infrared spectroscopy.  The aim of this study was to both 
characterise the various precursor chelates by identifying the various peaks and determining the 
effect increased concentration of acetylacetone had on the spectra.  The method of operation and 
specific instrument parameters can be found in Chapter 4.  
Figure 5-4 presents the full spectra of the acac concentration series for continuity. However, 
due to the complexity of the spectra and for ease of explanation, the spectra were divided up into 
two separate regions, which are presented in Figure 5-5 and Figure 5-6 respectively.   
The two bands observed in the 580-620 cm-1 region of the spectrum are due to anti-symmetric 
and symmetric stretching of (Ti—O) bonds.  The shift and broadening seen in this region can be 
explained by the increase in chelation of the acac ligands with TPT.  The small band observed as a 
shoulder at approximately 849 cm-1 is due to various bending modes of the methyl groups of the 
isopropoxy ligand. The bands observed between 900-1100 cm-1 have been assigned to various in 
phase and out of phase bending modes of the isopropoxy ligands as described by Moran et al. [41].  
This region is expected to undergo a change because in the dimeric structure, there are two 
isopropoxy ligands acting as bridging ligands between two titanium centres, it is worthy to note the 
splitting and change in peak symmetry seen as the acac concentration increases.   
Bands seen in the 1100-1400 cm-1 region are believed to be due to anti-symmetric bending 
modes of various methyl groups in the structure.  According to the analysis provided in a study by 
Errington et al., the bands at approximately 1520 cm-1 and 1610 cm-1 are due to stretching vibrations 
in the acac ligands [104].  This appears to hold true as the intensity of the bands increases with 
increasing concentration of acac.   
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Figure 5-4 Acetylacetone series full spectrum 
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Figure 5-5 Acetylacetone series fingerprint region of spectrum 
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Figure 5-6 Acetylacetone series OH region of spectrum 
 
The only significant change in the 2500-4000 cm-1 region is the dramatic increase in the 
hydrogen-bonded hydroxyl-stretching peak observed at approximately 3200-3600 cm-1.  This can be 
attributed to an increase in free isopropanol, which is liberated during the chelation reaction of acac 
with TPT.  This confirms the trend also seen in the 1H NMR spectra. 
The next series of infrared spectra to be presented are from a concentration series study, 
which was undertaken by a similar method to the acac concentration series.  This study involved 
mixing increasing concentrations of acetic acid with TPT.  Again the purposed this was to determine 
peak locations and observe any issues with stability or reactivity of the mixture.  An NMR study of 
this mixture was not undertaken due to the fact that there were a number of literature resources 
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available that were in good agreement as to the resulting structure of the acetate/TPT  coordination 
complex [37, 38, 44, 45, 52, 53].   The full spectrum of the acetic acid / TPT complex is presented in 
Figure 5-7, with the two main regions interest again presented separately in Figure 5-8 and Figure 
5-9. 
 
Figure 5-7 Acetic acid series 1:20 – 20:20 mixture ratios 
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Figure 5-8 Acetic acid series fingerprint region of spectrum 
 
The main region of interest in this spectral series is 1400-1600 cm-1.  The two significant 
bands, which develop at approximately 1440, and 1560 cm-1 as acetic acid concentration increases 
are due to the presence of acetate ligands from the reaction of acetic acid with a TPT.  This was 
confirmed in a study by Yi et al. who suggests that the bands are due to anti-symmetric and 
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symmetric stretches of the acetate ligand [37].  The location of these two bands also confirms that 
the acetate ligands are bidentate bridging ligands forming a TPT dimer with two titanium centres in 
octahedral coordination.  This agrees with finding made by Doeuff et al. in a study on the hydrolysis 
and modification of titanium alkoxides [52].   
 
Figure 5-9 - Acetic acid series - OH region of spectrum 
 
The 2500-4000 cm-1 region of the spectrum again shows an increase in the hydroxyl peak 
intensity at 3250-3500 cm-1 suggesting the formation of free isopropanol, which is liberated during 
the chelation reaction.   
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5.4 Precursor reaction formation mechanism and stoichiometry  
 
From the data obtained in the infrared and NMR study conducted in the previous section the 
following reaction mechanisms have been proposed when the various reagents are mixed to form 
the liquid precursor.   
 
 
Figure 5-10 – Chemical reaction mechanism for precursor formation 
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When starting with a solution of TPT, adding two parts acac and ten parts acetic acid will yield 
one acac – TPT dimer complex and five acetic –TPT dimer complexes, leaving 8 free TPT molecules 
remaining.  The two separate chelation reactions also yield seven free isopropanol molecules.  The 
ratio of 1:2 of acetic acid to TPT was chosen and fixed because it was demonstrated by Martens        
et al. as the most successful for stabilisation of the titanium precursor and most suitable for further 
reactivity [105]. 
 
5.5 Viscosity and UV-VIS study of self-gelling samples 
 
Rheology was used as a method for determining if the samples were indeed self-gelling and to 
investigate what effect temperature had on the gelation process.  The process used for each of the 
viscosity measurements is outlined in Chapter 4.   
Three samples were chosen from the original mixture series discuss in Table 5-3 and Table 5-4 
which from the observations appeared to self-gel (no longer were able to freely flow) within the 10 
min period of the experiment.  The effect of temperature was investigated for each of these samples 
by measuring the viscosity increases at 25, 30 and 35oC.  The results are presented in Figure 5-11, 
the effect of increased temperature certainly has a notable effect on the time taken for viscosity to 
increase.   
The onset of gelation is where the viscosity of the fluid increased sharply and continued to 
rise.  By extrapolation to the x axis on each of these plots the induction times could be estimated 
and are presented in Table 5-8.  The limitation of the Rheology study however was that initial 
kinetics could not be accurately estimated as the change in viscosity was only a measure of inter-
particle interaction and condensation as extended networked chain growth occurred.  Thus, the rate 
of particle formation could not be determined by this technique.   
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Figure 5-11-Apparent viscosity measurements including extrapolation to onset time  
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Table 5-8 – Gelation onset times  
Sample Temperature (oC) Induction time (s) 
HT-AME2-2.10 25 
No observed 
gelation 
HT-AME2-2.10 30 190 
HT-AME2-2.10 35 80 
HT-AME2-1.05 25 190 
HT-AME2-1.05 30 110 
HT-AME2-1.05 35 25 
HT-AME1-1.10 25 360 
HT-AME1-1.10 30 270 
HT-AME1-1.10 35 240 
 
 
 
Figure 5-12-Plot of onset times  
 
Figure 5-12 shows the variation in onset times due to increased temperature and water 
concentration for samples HT-AME1-1.10, HT-AME2-1.05 and HT-AME2-2.10.  Increasing the 
temperature affects all of the samples by decreasing onset time for gelation.  Also increasing the 
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concentration of water as seen in sample HT-AME2-1.05 and HT-AME2-2.10 has shortened the onset 
time when compared to sample HT-AME1-1.10.  At this point, it should be noted that inhibitor 
concentration of acac was increased from 1:20 to 2:20 from sample HT-AME2-1.05 and HT-AME2-
2.10 because of more chelated structures present, the growth will be directed in linear chains as the 
chemical reaction was inhibited on two sides of the dimer by acac ligands.  It is proposed that this is 
why the gradient of the viscosity increase in sample HT-AME2-1.05 in particular are much more 
abrupt than the gradients in sample HT-AME1-1.10.   
It was proposed that UV-Vis spectroscopy could be used to follow initial particle growth during 
the early stages of the gelation reaction.  With a UV-VIS spectrometer containing a thermal stage 
and multi-cell changer, kinetic runs of the sample gelation at various temperatures could be 
undertaken.  The operating procedure and conditions of this particular instrument are discussed in 
Chapter 4. 
The same precursor mixes used for sample HT-AME1-1.10 and sample HT-AME2-1.05 were 
used in the UV-Vis stability study.  Preliminary spectra of each solution were collected to determine 
the location of lambda max (λmax) which was found to be approximately 380 nm.  Spectra were 
collected in the range from 600-350 nm at 30-second intervals for up to 1500 seconds, the results of 
these trials are presented in Figure 5-13 and Figure 5-14.  Both figures show the spectra at varied 
temperatures from 20-40 oC.  
As seen in Figure 5-13 the absorbance over time increases significantly as temperature 
increases suggesting that initial particle growth is rapid particularly in the 40oC run.  It is proposed 
that as formation of particles occurs in solution absorbance increases are observed, both due to light 
scattering as well as absorbance of the particles.   
When comparing the two series, sample HT-AME2-1.05 appears to be more stable in the initial 
stages of reaction as the increase in absorbance for the 20 and 30oC runs is linear over the range of 
the experiment and lower in magnitude when compared to the other runs.  Whereas sample          
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HT-AME1-1.10 an abrupt increase in absorbance is seen in the initial stages of the reaction before 
the absorbance increase plateaus.  
 
 
Figure 5-13 – UV-Vis kinetic series sample HT-AME1-1.10 
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Figure 5-14- UV-Vis – kinetic series sample HT-AME2-1.05 
 
From this study, UV-VIS proved useful in determining if a reaction is occurring in the precursor 
mixture under elevated temperatures.  This method would be used to assess stability of further 
reaction mixtures that do not self-gel which will be used for evaporation studies. 
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5.6 Final precursor mixture selection 
 
The purpose of this experimental series was to decide on a final mixture, which would be used 
in the varied gravity test systems.  This precursor could not self-gel yet needed to be reactive when 
exposed to elevated temperatures and reduced pressures.  The precursor also had to be tailored to 
suit a smaller maximum working volume of 10 ml, as this was the limit for achieving a thin film in the 
reaction chambers.  In addition, the aim was not to generate excessive waste of un-used precursor 
material if larger volumes were used as in the initial empirical test series.  The final aim of this 
experimental series was also to maximise the volume of added water without sacrificing the stability 
of the mixture.  This would ensure that a complete reaction would occur even if some water was 
inevitably lost during the rapid evaporation of the fluid.   
When designing the experimental apparatus it was envisaged that the precursor solution 
would need to be stable at elevated temperature for up to a 5-minute period before the test could 
be commenced.  This would allow for handling issues associated with preparing the test system such 
as lifting the reduced gravity system to the top of the drop tower.   
The following mixtures were trialled as per the empirical testing discussed in Section 5.2.  The 
volume of HT-AMe1 or HT-AMe2 precursor mixture was fixed and the volumed of added methanol 
and water were systematically varied.  The extra methanol was firstly mixed with the water and then 
added to the HT-AMe precursor.  This was important as if the water was added first the 
concentration was too high and the reaction would be initiated.  The results from this series of 
experiments are summarised in Table 5-9, all mixing for this series was initially conducted at room 
temperature. 
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Table 5-9 – Final precursor mixture selection 
Precursor mixture 
Visual Observation / results 
sample  HT-AMe1 (ml) MeOH (ml) Water (ml) 
1.5 2.50 20.00 0.725 Colloidal (20mins) 
2.5 2.50 25.00 0.725 Colloidal (30mins) 
Precursor mixture 
Visual Observation / results 
sample HT-AMe2 (ml) MeOH (ml) Water (ml) 
3.5 2.50 5.00 0.725 Gel (30mins) 
4.5 2.50 10.00 0.725 Colloidal (1hr) 
5.5 2.50 15.00 0.725 Slightly Colloidal (4 hrs) 
6.5 2.50 20.00 0.725 Slightly Colloidal (24hrs) 
7.5 2.50 25.00 0.725 Slightly Colloidal (24hrs) 
8.5 2.50 5.00 0.905 Colloidal (30 mins)  
9.5 2.50 7.50 0.905 Slightly Colloidal 5hrs) 
10.5 2.50 10.00 0.905 No visible reaction (24hrs) 
11.5 2.50 15.00 0.905 No visible reaction (24hrs) 
12.5 2.50 20.00 0.905 No visible reaction (24hrs) 
13.5 2.50 25.00 0.905 No visible reaction (24hrs) 
Precursor mixture 
Visual Observation / results 
sample HT-AMe3 (ml) MeOH (ml) Water (ml) 
14.5 2.50 5.00 0.725 Partial Gel (30mins) 
15.5 2.50 10.00 0.725 Slightly colloidal (24hrs) 
16.5 2.50 15.00 0.725 Very slightly colloidal (24hrs) 
17.5 2.50 20.00 0.725 No visible reaction (24hrs) 
18.5 2.50 25.00 0.725 No visible reaction (24hrs) 
 
From the experimental observations above, the minimum acceptable stability for the test 
mixture for the sample containing the maximum amount of water was sample 10.5.  Further UV-VIS 
thermal stability testing as used in Section 5.6 was conducted at the maximum possible temperature 
of 45oC in thermal stage of the instrument to test stability of samples 9.5 to 12.5.  The collected 
spectra from sample 9.5 are presented in Figure 5-15.  The spectra were collected at intervals of 30 
seconds.  As can be seen the absorbance increase for sample 9.5 is negligible in the first 5 – 10 
minute period.  Therefore, at this point it was decided that all further experimental testing would 
use this reaction mixture. 
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Figure 5-15 – UV-Vis stability of final precursor mixes 
 
 
 
5.7 Evaporation test of sol-gel precursor and characterisation of reaction distillate 
 
The purpose of this experiment was to characterise the reaction by-products produced during 
a representative evaporation trial in a Schlenk line.  A Schlenk line was used in this case because not 
only could the vacuum levels of the actual experimental test systems be replicated; the distillate 
produced during the evaporation could be collected in a liquid nitrogen cold trap for further analysis.  
The precursor solution used in this trial was the same mix as sample 9.5.   
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The reaction mixture was heated to 60oC and the placed under vacuum (100mbar) on the 
Schlenk line.  The sample begun to react and increase in viscosity until the sample appeared to begin 
to dry as a solid.  The distillate was collected in a two stage cold trap both submerged in liquid 
nitrogen.  The distillate was then allowed to thaw to room temperature before characterisation was 
undertaken. 
Various authors proposed the possibility that amongst other expected compounds in the 
distillate, if isopropyl acetate can be identified, this can be used as a measure of successful 
hydrolysis and condensation reactions [31, 38, 45].  As the condensation reaction proceeds, 
isopropyl ligands are liberated.  They then react with free acetic acid molecules that have catalysed 
the intermolecular condensation reaction through trans-esterification producing isopropyl acetate 
[45].   
A 1H NMR study was conducted on the distillate sample, however do to the large signal 
generated from excess methanol determining what other compounds were present proved 
impossible.  In order to confirm what compounds are present in the distillate, GC-MS identification 
and analysis was undertaken. The operating conditions of the GC-MS instrument are outlined in 
Chapter 4. Table 5-10 is a list of all possible compounds expected to be in the distillate.  The table 
contains a summary of their chemical formulas and mass / charge ratios used for identification in the 
mass spectra.   
 
Table 5-10 – Summary of possible chemical candidates  
Compound Chemical Formula m/z ratios 
Methanol CH3OH 35 
Isopropanol C3H7OH 60 
Acetic Acid CH3COOH 60 
Acetylacetone C5H8O2 100 
Isopropyl acetate CH3COOCH(CH3)2 102 
Methyl acetate CH3COOCH3 74 
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Figure 5-16 – Mass spectra expected break down ions  
 
 
Due to limitations of detector in the Mass Spectrometer coupled to GC being used, the 
detection range for various parent molecules and their progeny was limited to 50-150 m/z.  
Therefore, only heavier target compounds with a m/z ratio greater than 50 could be analysed.  These 
target compounds are shown in Figure 5-16, which is a summary of the expected breakdown ions 
and there m/z ratios.  This figure was compiled by the use of mass spectroscopy data obtained from 
the online Spectral Database of Organic Compounds [106].  Even though some of the daughter ions 
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shown share the same m/z ratios, it is expected that the chosen operating conditions used on the GC 
will sufficiently separate the compounds for detection.   
The gas chromatogram collected of the distillate is shown in Figure 5-17.  Peaks of interest in 
the chromatogram have been labelled with the time they occurred at and the corresponding mass 
spectra for these time values can be seen in Figure 5-18 to Figure 5-21 respectively. 
 
 
Figure 5-17- Gas Chromatogram of Schlenk line distillate 
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Figure 5-18- Mass Spectra Series No.1  
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Figure 5-19 – Mass Spectra Series No.2 
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Figure 5-20 – Mass Spectra Series No.3  
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Figure 5-21 – Mass Spectra Series No.4 
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By comparing, the m/z ratios seen in the various mass spectra with those presented in Table 
5-10 and Figure 5-16, the compounds shown in Table 5-11 were identified in the distillate mixture.   
 
Table 5-11- Summary of compounds found in mass spectra 
Compound time observed (mins) m/z ratios  
Isopropanol 1.229,  60, 59 
Acetic Acid 1.309  60, 59 
Acetylacetone 1.490 100 
Isopropyl acetate 1.331  102, 74, 59 
Methyl acetate 1.331 74 
 
 
Whilst there may be some free acetic acid present, as it shares the same m/z ratio as 
isopropanol this was difficult to discern.  Given the presence of isopropyl acetate and free 
acetylacetone in the mass spectra, this confirms that indeed hydrolysis and condensation reactions 
have occurred as these products are liberated from the reactions. 
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5.8 Conclusion 
 
The results of the various experiments presented in this chapter have proved successful in 
determining a suitable chemical precursor mixture for varied gravity testing.  The molecular 
structure of the chemical precursor was also found to contain dimeric acac inhibited species.  This 
finding agreed with other literature studies even though there was some apparent disagreement. 
    The final reaction mixture chosen for use in the varied gravity testing was sample 9.5 from 
Table 5-9.  This was the first mixture in the series observed to be stable for the required length of 
time but also was able to react as required under reduced pressure conditions.  This mixture 
consisted of 2.5 ml of HT-AMe2, 10ml of excess methanol and 0.905 ml of de-ionised water.  The 
understanding of the chemical reaction system obtained can now be used to assist in explaining 
reaction mechanisms of the samples synthesised in varied gravity testing which will be presented in 
the next chapter. 
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6 Titania sol-gel synthesis in varied gravity series 
 
6.1 Introduction 
 
This chapter will present all of the experimental results obtained from the synthesis and 
characterisation of Titanium sol-gels produced under varied gravity conditions.  The sample 
synthesis matrix is covered in detail in Section 4.3 of this thesis. Vibrational spectroscopy, X-Ray 
Powder diffraction and Transmission Electron Microscopy of the samples were carried out to 
determine if a crystalline phase was present.  BET was used to investigate and calculate both the 
surface area and pore morphology of the samples.   
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6.2 Experimental sample yield data 
 
The following table is a summary of the masses obtained of the Ti-gel products once combined 
and dried at the end of each synthesis run.  This table also contains the list of the samples being 
characterised in this chapter.   
Table 6-1-Summary of sol-gel product yields 
Sample Name 
Combined Product Yield 
Dried (g) 
Ti-0G-RGTS-1 0.0690 
Ti-NG-RGTS-1 0.0757 
Ti-NG-1 0.1019 
Ti-5g-1 0.1109 
Ti-10G-1 0.1350 
Ti-24G-1 0.1263 
 Ti-35G-1 0.1318 
Ti-70G-1 0.1378 
  
Sample No. 
Combined Product Yield 
Dried (g) 
Ti-0G-RGTS-2 0.0784 
Ti-NG-RGTS-2 0.0822 
Ti-NG-2 0.1242 
Ti-5g-2 0.1234 
Ti-10G-2 0.1368 
 Ti-24G-2 0.1228 
 Ti-35G-2 0.1390 
 Ti-70G-2 0.1291 
  
Sample No. 
Combined Product Yield 
Dried (g) 
Ti-0G-RGTS-3 0.0860 
Ti-NG-RGTS-3 0.0841 
Ti-NG-3 0.0984 
Ti-5G-3 0.1145 
Ti-10G-3 0.1150 
Ti-24G-3 0.1065 
Ti-35G-3 0.0939 
Ti-70G-3 0.1189 
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6.3 Vibrational Spectroscopy  
 
6.3.1 Infrared Spectroscopy 
 
Although infrared spectroscopy has previously proven useful as a tool for characterising 
titanium sol-gel precursors used in this study, unfortunately infrared spectroscopy has limited use in 
detecting crystalline phases of titania.  As discussed in the next section of this chapter, the crystalline 
phase of titania, anatase, only exhibits two infrared active modes, which lie near or outside the 
detection limit of the IR instrument being used.  Therefore, the main purpose of this infrared 
analysis was to determine what organic compounds remained after the reaction, to investigate the 
effect of drying the materials for BET analysis and to ascertain if any effects due to synthesis in 
varied gravity conditions were apparent.  Phase identification will be discussed in later sections of 
this chapter, which use Raman spectroscopy and confirmatory X-Ray diffraction. 
A number of compounds may remain post sol-gel synthesis, these compounds include various 
alcohols such as methanol and isopropanol, excess water and according to Brinker and others, 
potentially TPT-acac chelates which are hydrolysis resistant [27, 36, 42, 100].  Since methanol was 
the reaction solvent, it is expected to be present in the spectra along with isopropanol, a reaction 
by-product of the hydrolysis and condensation of TPT.   
To assist in explaining the various features of the infrared spectra of the sol-gel products, a 
visual summary of a sample infrared spectrum of the product are presented in Figure 6-1.  Region 
and peak assignments were made possible by studies conducted by numerous authors [27, 36, 37, 
41, 44, 49, 52, 56, 74, 100, 106-109].  Systematic analysis of the spectra involved comparing known 
peaks for various target compounds to those seen in the actual sample spectra.  This was completed 
with the aid of spectral analysis software GRAMS version 4.01© 1991-1996 by Galactic industries.  
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The full spectra of each sample from the Ti varied gravity series before and after drying are 
presented in Figure 6-2 to Figure 6-7. 
 
 
Figure 6-1-IR peak assignments of Ti series sol-gel products 
 
As can be seen in Figure 6-1, there are a number of prominent peaks in the spectrum of the 
titania sol-gel product, which had been obtained directly from the reaction chamber without drying.  
In the region of 2800-3800 cm-1 characteristic broad and intense peak of hydrogen bonded O—H 
stretches for both water and alcohols.  Also in the region from 2700-3000 cm-1 are numerous C—H 
stretches confirming the presence of organic compounds.  In combination this suggests the presence 
of residual water and alcohol in the sample.   
The fingerprint region of the spectrum (600-1800 cm-1) shows the various stretches due to 
bonding between Ti—O and C—O and the hydrolysis resistant titanium chelates with acetylacetone.  
At this point, it should be noted that discerning the difference between Ti—O stretches between 
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600-700 cm-1 due to a crystalline phase of titania and those of TPT and isopropanol was very difficult.  
For example, one of the predicted IR active modes for anatase share the same wavenumber          
(654 cm-1) as isopropanol [106, 110].   
From a study conducted by Boehm and others, methanol was found to have a number of 
significant peaks in the infrared spectrum [106, 108].  The C—H stretches expected for methanol are 
reported in the literature at 2945 and 2833 cm-1 respectively [108].  There was a peak found in the 
sample spectrum at 2830 cm-1 however, there are a number of other peaks visible around 2945 cm-1 
and therefore this absorbance band could not be solely attributed to methanol.  There is a single 
peak observed at 1030 cm-1 that appears to coincide with the expected C—O stretch for methanol 
quoted in the literature as a strong band at 1030 cm-1.  This peak in particular has been labelled in 
Figure 6-1.   
From these findings, it appears as though there is indeed some methanol left within the 
sample, which is not surprising given the large excess used in the precursor.  The methanol may also 
be trapped within the pores of the gel product.  The peaks due to methanol are clearly visible in 
Figure 6-2, Figure 6-4 and Figure 6-6.   
It is interesting to note that the drying regime results in a significant decrease in the intensity 
of the hydrogen bonded alcohol O—H stretch peak at 3500-3700 cm-1 and the C—O stretch at 1030 
cm-1 in most of the dried samples ( Figure 6-3, Figure 6-5, Figure 6-7 ).  This appears to confirm that 
the majority of the methanol is removed from the products.  There is however, some residual 
methanol remaining in the spectra of the dried samples, which may suggest that it is trapped within 
the pores of the material.  It is interesting to note that drying of the samples appears to have little 
effect on the residual water in the sample as the broad hydrogen bonded O—H stretch is still 
observed which may suggest the presence of some hydroxyl groups on the gel surface, which did not 
fully react during the condensation reaction.   
The peaks observed in the 1200-1800 cm-1 region have been assigned to various modes of the 
TPT-acac complex.  The large broad peak at 1527 cm-1 was attributed to the C—C stretch of acac in 
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the TPT-acac complex as it was close to the literature value of 1530 cm-1 quoted by various authors 
[27, 33, 36, 52].  The corresponding C—O stretch of acac coordinated to TPT, which is expected at 
1590 cm-1 could not directly be observed in this case but rather appeared as a shoulder to the 
coordinated acac C—C stretch observed at 1527 cm-1.  Further evidence that there is still un-
hydrolysed TPT-acac dimer remaining in the product is a peak observed as a shoulder to the C—O 
methanol stretch at 1030 cm-1, particularly in the dried samples.  This small shoulder peak at 1035 
cm-1 is attributed to isopropoxy bridging ligands of which there are two in the TPT-acac dimer.   
At this point, it should be noted that it is not surprising there is some of this dimer precursor 
remaining.  Brinker suggests that the majority of the coordinated acac will not be removed unless 
there is a significant excess of water (>20 x) or the product is thermally calcined above the 
decomposition temperature of acac [27].  This makes sense given the products still retain the 
characteristic orange / yellow colour of the acac complex.   
However, it should be noted that in the dried samples a small peak at approximately           
1710 cm-1 is observed which is not clearly seen in the wet samples.  This peak has been attributed to 
the presence of free acac within the sample, perhaps liberated during the drying process.  The 
literature value of free acac was found to be in the 1700-1720 cm-1 range [27, 33, 36, 52].  Various 
methyl group vibrations were observed in the region of 1370-1420 cm-1 however, it proved difficult 
to attribute these vibrations to a single particular compound, as multiple types of methyl groups 
present in the various reaction products.   
In summary, infrared spectroscopy as a characterisation technique, could not determine if 
varied gravity had any influence on the formation of Ti sol-gel products, as there was no observable 
change in the spectra that could be attributed to varied gravity synthesis.  Given the limitations 
stated previously, this was not surprising.  However, infrared spectroscopy did prove useful in 
confirming which organic by-products and solvents remained after the reaction and the effect of 
drying regime on the samples.   
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Figure 6-2-IR Spectra-Ti-Series No.1 
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Figure 6-3-IR Spectra-Ti-Series No.1-dried 
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Figure 6-4-IR Spectra-Ti-Series No.2 
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Figure 6-5-IR Spectra-Ti-Series No.2 dried 
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Figure 6-6-IR Spectra-Ti-Series No.3 
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Figure 6-7-IR Spectra-Ti-Series No.3 dried 
 
 
 
P a g e  | 134 
 
 
 
6.3.2 Raman Spectroscopy 
 
In conjunction with other analytical techniques such as IR or XRD, Raman spectroscopy has 
proven to be a useful complementary technique for routine analysis in the sol-gel chemistry field, 
particularly in assisting with structure determination and phase identification of precursors and 
products.  Various authors have successfully used Raman spectroscopy as a tool to study the sol-gel 
precursors, reaction mechanisms and phase morphology of both silica and titania sol-gel chemical 
systems [41, 50, 53, 72, 73, 75, 79, 110-115].   
Raman spectroscopy in this instance was used to characterise and investigate the phase 
morphology of the sol-gel products synthesised in both the high gravity and reduced gravity test 
systems.  The spectra are presented according to their gravity series, spectra of the wet samples as 
they were recovered from the reaction chambers were collected and then again, once the samples 
had been dried and degassed for BET surface area studies.  For ease of explanation, the spectrum 
will be split into various regions and discussed individually, as shown in Figure 6-8.  These regions 
provide information as to the nature of the chemical bonding present in the reaction product. It also 
provides an indication as to type of crystalline phases present and phase transformations of the 
various products.  Raman spectra were collected as detailed in Chapter 4. Full spectra of the 
titanium synthetic series both wet and dried samples are presented in Figures 6-10 to 6-15 
respectively.  
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Figure 6-8 – Raman spectra regions of interest 
 
In the alkane stretching region of the Raman spectra there is an intense peak at approximately 
2940 cm-1 with a number of shoulder peaks located at 2881, 3000 and 3050 cm-1 respectively.  The 
most intense peak is due to various alkane stretches of methanol, acetylacetone and isopropanol 
(2930-2950 cm-1) [106].  Further evidence of the presence of alcohols in the sample is the broad OH 
stretching peak occurring between 3100-3600 cm-1 particularly evident in the samples which have 
been subjected to drying.  It is believed that the small but broad peak located at approximately 
3180-3720 cm-1 is due to both the presence of residual water, methanol and isopropanol, which may 
have been trapped in the pores of the material as the gel network formed.  However, it may also 
arise from the presence of metal hydroxyl groups which have not fully condensed.          
Some of the Raman spectra also show three of small peaks between 1350 and 1570 cm-1.  The 
first of these peaks at 1375 cm-1 is believed to be due to acetylacetone, the second peak, 
isopropanol at 1450 cm-1 and the third peak is due to methanol at 1562 cm-1.  Methanol also has 
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another characteristic peak at approximately 1035 cm-1.  The methanol peak at 1035cm-1 is 
particularly evident as a shoulder to the large peak at 950 cm-1 in the wet samples.  These observed 
peaks agree with literature values presented the in the spectral database of organic 
compounds[106].        
A comprehensive  vibrational spectroscopy comparison study of TPT and isopropanol has been 
undertaken by Moran et al. [41].  Information from this study was used to assist in the 
determination of the various peaks observed in the 100-1000 cm-1 region of the spectra collected for 
this study.  In both the wet samples and the samples synthesised in gravity levels lower than 24 g in 
the dried samples, a number of intense and broad peaks are apparent.   
The first of these major peaks at approximately 205 cm-1 is not adequately resolved.  This may 
be due to the large number of bands reported around this region in the literature [41], peaks due to 
O—Ti—O coordination bonding in TPT are expected at 178, 227 and 253 cm-1.  The next significant 
peak at approximately 440 cm-1is believed to be due to a number of C—C—C vibrations of the 
isopropoxy ligand as literature values were quoted at 422, 434 and 486 cm-1 respectively.   
In the region of the spectrum from 550-700 cm-1 there are a number of complex peaks that 
again aren’t adequately resolved by this particular instrument.  These peaks correspond to a both 
symmetric and asymmetric stretches of Ti—O groups which have been confirmed by Moran et al. to 
occur at 561 and 608 cm-1 respectively [41].  There is a sharp peak located at approximately 950 cm-1 
and it is believed to be due to various C—O and Ti—O vibrations between isopropoxy ligands and Ti 
atoms in the coordinated structure.          
Even though the peaks observed in the various spectra appear to agree with literature values 
for TPT, it is believed that the majority of these peaks represent the presence of a titanium organo-
gel product where not all of the organic ligands have been liberated.  At this point, it should be 
noted that no discernible changes are apparent in the Raman spectra of any of the wet sample series 
due to variations in gravity levels during synthesis.   
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However, in all of the dried samples, there appears to be a definitive change in the spectra as 
gravity increases particularly for samples which are produced at gravity levels higher than 24 g.  This 
apparent phenomenon required further understanding of the effect of a phase transformation 
change of an amorphous organo-gel to a phase of titanium dioxide would have on the Raman 
spectrum of the sample.   
From a review of the literature, the Raman spectra of anatase a common phase of titanium 
dioxide was found to be very well understood [110, 112-115].  Numerous studies of anatase titania 
films and single crystals both at room and liquid nitrogen temperatures have been undertaken.  A 
factor group analysis performed by Ohsaka et al. found that anatase has 15 optical modes given by 
its irreducible representation [110].  From the factor group analysis, Ohsaka et al. predicted the 
modes A1g, B1g, Eg are Raman active and A2u, Eu are infrared active.  Table 6-2 summarises the data 
from Ohsaka and contains the peak assignments and either observed or calculated wavenumber 
values, which will serve as a reference point for this study.  
 
Table 6-2-Vibrational modes of anatase 
mode Assignment Wavenumber (cm-1) Activity 
ν1 Eg 639 Raman 
ν2 B1g 519 Raman 
ν3 A1g 513 Raman 
ν4 B1g 399 Raman 
ν5 Eg 197 Raman 
ν6 Eg 144 Raman 
ν7 A2u 654 (calc) IR 
ν8 Eu 643 (calc) IR 
ν9 B2u 507 (calc) Inactive 
ν10 Eu 169 IR 
 
Using this information at hand, a number of peak assignment matches could be made with the 
collected spectra.  Figure 6-9 is a sample spectrum of Ti gravity series sample made at 70 g.  The 
peaks corresponding to anatase have been identified and labelled accordingly. 
P a g e  | 138 
 
 
 
 
Figure 6-9 – Anatase region of the Raman spectrum 
 
In various figures of the Raman spectra of the dried samples (Figure 6-11, 6-13 and 6-15) a 
clear progression can be seen from amorphous organo-gel to crystalline anatase in samples 
synthesised at 24 g and above.  The evolution of the large peak due to the (v6) vibration at 144 cm
-1 
is particularly evident as gravity levels increase.  It is also important to note that this phenomenon is 
believed to be solely due to the influence on increasing gravity levels, because if it were due to the 
drying process used, all the samples should exhibit this same phenomenon.  Given that this chemical 
precursor does not undergo reversible hydrolysis reactions as do other sol-gel precursors, but rather 
strongly favours condensation reactions once hydrolysed, it is believed that once the gel has 
completely reacted, the structure is locked in.  Also during pyrolysis synthesis, the thermal onset of a 
phase change to anatase is quoted in the literature as being above 450oC during calcination [112] 
and the drying conditions used to remove residual alcohol and other organic species in this study 
(150oC maximum) were well below this critical temperature to ensure this would not occur.   
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In summary, the dried high gravity samples synthesised at 24 g and above exhibit phase 
morphology of anatase.  X-Ray diffraction of all the dried synthetic samples was next undertaken to 
confirm these findings.   
 
 
Figure 6-10-Raman spectra of Ti series No.1 
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Figure 6-11-Raman spectra of Ti series No.1 dried 
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Figure 6-12-Raman spectra of Ti series No.2 
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Figure 6-13-Raman spectra of Ti series No.2 dried 
 
 
 
 
P a g e  | 143 
 
 
 
 
Figure 6-14-Raman spectra of Ti series No.3 
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Figure 6-15-Raman spectra of Ti series No.3 dried 
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6.4 X-Ray diffraction study of Ti series products 
 
X-Ray diffraction was used a complimentary technique to Raman Spectroscopy to assist in the 
phase identification of Ti series products.  It is somewhat more sensitive to detecting crystalline 
phases in the material, as the patterns collected are not influenced by the presence of residual 
organic compounds in the samples, as is the case with vibrational spectroscopy.   
  As well as phase identification of the sample series, a crystallite size study was also 
conducted using the Scherer equation to determine if gravity would have a quantifiable effect on 
resulting crystallite size.  Instrumental operating conditions are outlined in Chapter 4.  The XRD 
patterns collected in this study are presented in Figure 6-16, Figure 6-17 and Figure 6-18. 
    A search and match function was used in PANalytical X’Pert PRO® to identify any crystalline 
phases present in the samples.  The major crystalline phase identified was anatase.  Most 
importantly, this confirms that anatase is definitely present in the samples as identified in 
conjunction with Raman spectroscopy.   
However, XRD has proved to be a more sensitive tool in detecting a phase change in this case, 
as anatase only became evident in Raman spectra obtained on samples synthesised at 24 g and 
above.   XRD has shown that indeed samples made from as low as 5 g have some anatase present in 
the sample with the amount increasing significantly with gravity.  It should be noted that the X-Ray 
diffraction of the samples produced both in normal and reduced gravity appear to be amorphous.  
This is confirmed by Raman Spectroscopy as no crystalline phase could be identified by the 
technique.   
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Figure 6-16-XRD Diffraction Pattern Ti-Series No.1 
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Figure 6-17-XRD Diffraction Pattern Ti-Series No.2 
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Figure 6-18-XRD Diffraction Pattern Ti-Series No.3 
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A detailed method for determining crystallite size using XRD patterns and the Scherer 
equation is summarised in the book Powder Diffraction Theory edited by Dinnebier et al. [116].  
Lanthanum hexaboride was used at the internal standard to calibrate for peak broadening due to 
instrument effects.  PANalytical X’Pert PRO® was used to calculate the crystallite sizes with an error 
in the calculation estimated to be approximately ± 2Å.      Figure 6-19 presents a plot of the increase 
in crystallite size of the anatase particles produced at the various gravity levels of the Ti gel series.  
An increase of approximately 1.5x was calculated between the samples produced in 10 g and 70 g.          
 
 
    Figure 6-19 – Anatase crystallite size determined by Scherer Equation  
 
X-Ray diffraction has also confirmed that anatase has formed in the samples produced in 
higher gravity conditions.  A notable increase in crystallite size was also calculated from the 
diffraction results obtained.   
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6.5 Transmission electron microscopy   
 
Transmission electron microscopy (TEM) was used to investigate if gravity had visible effect on 
the Ti gel samples.  The operating conditions of the instrument used are described in Chapter 4.  
TEM images collected of each sample are presented in Figure 6-20 and Figure 6-21.  Since XRD 
results indicate a notable increase in crystallite size up to a maximum of approximately 35-40Å 
(4nm), it was hoped that a physical change could be seen by TEM.  However, this crystallite size is at 
the lower end of the detectable working resolution of the TEM used in this study.          
Since crystallite size could not be directly measured by this technique, instead changes in 
image contrast of the samples were used to determine visually if any apparent effects of gravity 
could be observed.  Generally, areas of dark contrast can be caused by either high electron density, 
which can be a product of volumetric density or an increase in sample thickness.   
Samples produced at gravity levels between 0 and 5 g appear to be very diffuse in nature and 
contain predominantly amorphous particles smaller than 2 nm as indicated by the XRD study.  
However, as gravity levels increase particularly above 10 g, the crystalline domains become more 
apparent as the image contrast also increases due to a change in sample density as particles become 
larger.  This agrees with the previous trends seen by XRD and Raman suggesting an increase in 
particle size and crystallinity caused by higher gravity. 
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Figure 6-20 – TEM images of Ti gel samples made in O-g to 5 g 
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Figure 6-21 – TEM images of Ti gel samples made in 10 g to 70 g 
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6.6 Nitrogen Adsorption Study - Determination of porosity and surface area 
 
As discussed in the background section of this thesis, Nitrogen adsorption is an important 
technique used in the study of porous materials particularly in characterising the type of porosity 
present and in measuring the surface area of the pores.  Understanding the pore morphology can 
also be of assistance in determining if the material may be suited as a catalyst.  A Nitrogen 
adsorption study was also conducted to determine if gravity had a measurable effect on surface area 
as it has been shown to have on crystallite size and phase morphology.  Instrument operating 
conditions and sample pre-treatment procedures are discussed in Chapter 4. 
Nitrogen adsorption isotherms were collected for each sample synthesised in the Ti sol gel 
series.  For ease of presentation, the isotherms are grouped and presented as the centrifuge 
synthesised samples from normal g to 70 g and the reduced gravity test system from reduced g to 
normal g.  Two normal gravity samples were produced to serve as a base line for each test system 
for comparing the varied gravity samples.  The experiments were also done in triplicate for 
demonstration of reproducibility.  The isotherms for this series are presented in Appendix 8.4.  The 
surface areas calculated by two methods using BET and Langmuir models are presented in Table 6-3.   
Initial interpretation of the Nitrogen adsorption isotherms for the normal to high g samples 
suggested that the isotherms were Type 1 isotherms meaning the samples were completely 
mircoporous in nature.  However, the initial inflection at low p/po was not as steep as expected for 
mircoporous solids.  Instead, this indicates the type of porosity of the centrifuge-produced samples 
appears to be a transition towards mesoporous morphology (2 – 50 nm pores).   
Along with the rather high adsorption volumes observed, leading to the modelled high surface 
areas, it was noted that samples 5 g and above exhibit a hysteresis loop on the de-sorption trace of 
the isotherm.  This hysteresis loop centred at approximately p/po = 0.5 along with the steep initial 
inflection suggest the presence of capillary condensation.  This occurs when very small pores are 
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present in the sample.  The pore entrance has a somewhat narrow entrance that limits pore filling 
and also restricts degassing during the de-sorption phase resulting in the characteristic sudden 
pressure drop as p/po reaches a critical pressure threshold and the pores exhaust their contents 
rapidly.  This type of porosity is believed to be due to inter-particle porosity in the gel clusters rather 
than surface porosity of the individual particles.   
Also at low p/po values in the initial stages of the isotherm, the “narrow bottle-necks” of the 
pores can exhibit what is known as an enhancement effect.  As a monolayer of nitrogen tries to 
adsorb to the particle surface, the pressure differential and cohesive attractive forces of the nitrogen 
molecules interact to cause more nitrogen than is required to enter and subsequently fill the pores.  
This can account for the initial isotherm steepness when this type of pore morphology is present.  
Figure 6-22 is a simplistic model of the pore morphology as seen in these samples.         
 
 
 
Figure 6-22 – Inter-particle pore capillary condensation 
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At this point, it is most interesting to note that gravity appears to have a profound effect on 
resulting sample surface area.  Surface area was found to increase from 205 to 494 m2/g using the 
Langmuir model and 157 – 361 m2/g using BET model from normal to 70 g.  It appears this increase 
in surface area could be directly linked to the increase in crystallinity and particle size measured by 
XRD and Raman Spectroscopy, which are also due to increased gravity during synthesis.  As the 
particles grow in size, their inherent inter-particle porosity too would also expand.  All of the 
calculated surface areas have been presented in Table 6-3.  Due to the fact that the pore sizes were 
found to be so small, the BET model accuracy is somewhat limited in this case as it is outside its 
linear range, therefore the Langmuir model data provided more reliable estimates of the surface 
areas across the entire porosity range.  However, both values are reported for continuity.   
 
        Table 6-3- Summary of surface areas of Ti series gels 
Sample No. 
BET Surface Area 
(m2/g) 
Average BET 
Surface Area (m2/g) 
% Relative 
Standard 
Deviation 
RGTS-Ti-0G-1 112 122 110 115 5.60 
RGTS-Ti-NG-1 153 146 150 150 2.34 
Ti-NG-1 160 149 163 157 4.69 
Ti-5g-1 334 345 344 341 1.78 
Ti-10G-1 347 342 354 348 1.73 
Ti-24G-1 344 355 349 349 1.58 
 Ti-35G-1 381 362 351 365 4.16 
Ti-70G-1 356 364 362 361 1.15 
 
Sample No. 
Langmuir Surface 
Area (m2/g) 
Average Langmuir 
Surface Area (m2/g) 
% Relative 
Standard 
Deviation 
RGTS-Ti-0G-1 156 170 148 158 7.05 
RGTS-Ti-NG-1 187 190 193 190 1.58 
Ti-NG-1 200 199 215 205 4.37 
Ti-5g-1 456 471 467 465 1.67 
Ti-10G-1 448 469 486 468 4.07 
Ti-24G-1 471 489 480 480 1.88 
 Ti-35G-1 483 496 484 488 1.48 
Ti-70G-1 487 500 496 494 1.35 
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Nitrogen adsorption isotherms of the two Ti sample series produced Reduced Gravity Test Rig 
(RGTS) are presented in Appendix 8.6.  The normal gravity samples were run on a conventional BET 
instrument (Micrometrics® Tristar) as for all the other centrifuge series samples.  However, the 
reduced gravity samples did not exhibit measurable adsorption isotherms on the conventional BET 
instrument as the pores sizes were later found to be outside the measurable range of this 
instrument.  Therefore, the reduced gravity samples were run on the Micrometrics® ASAP 2000 
(specialised BET capable of measuring micro-pore porosity).   
The normal gravity samples produced in the reduced gravity test system have similar 
calculated surface areas to those obtained in the centrifuge.  The values obtained appear to be 
slightly lower (approximately 10-20 m2/g) depending on which surface area model was used.   
This slight difference may be attributed to the difference in reaction times experienced by the 
samples (2 seconds - RGTS compared to 45 seconds – centrifuge).   
The adsorption isotherms for the reduced gravity samples are presented in Error! Reference 
source not found..  These samples only exhibit microporosity.  This suggests that the surface area of 
these particles result from particle porosity only, not inter-particle porosity that was measured with 
samples produced in normal gravity and above.  This also accounts for why the quantity of N2 
adsorbed per gram of material is significantly smaller than what was measured by conventional BET 
of the other samples.        
The surface areas presented in Table 6-3 were plotted against gravity level and presented in 
Figure 6-23.  In both plots, it can be seen that there is a significant increase in surface area as gravity 
increases.  It appears a critical threshold is reached by 5 g.  Above 5 g there is only a relatively small 
increase in surface area up to 70 g when compared to the entire range.   This suggests that the effect 
of gravity on surface area is most profound in the region between normal g and 5 g.   
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Due to physical limitations of the centrifuge test system however; the effect of gravity could 
not be explored further in the region between normal g and 5 g.  Initial interpretation of these plots 
also pointed towards an exponential increase in surface area being apparent.  However, no accurate 
mathematical fit could be applied to this data, the significance of discovering this trend of increased 
surface areas will be discussed in depth in the following chapter on research findings and 
conclusions.   
 
 
Figure 6-23 – Plot of surface areas vs. gravity level 
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7 Summary of Research Findings, Conclusions and Future Work 
 
7.1 Introduction 
 
This chapter will provide a discussion of the findings of the work completed for this thesis and 
the significance of the results obtained.  An overall physical reaction mechanism will be proposed 
and potential future work will be outlined.   
 
7.2 Discussion of Research Findings and Reaction Mechanism  
 
The data presented in the Chapter 6 has led to the discovery of a number of interesting 
trends.  Gravity has certainly been observed to affect a number of key variables in the Ti-sol-gel 
system.  The variables observed to be directly affected by gravity included crystalline phase, 
crystallite size, surface area and pore-morphology.  These are the key variables that formed the 
focus of this research study as they were also the basis from previous studies of the effect of gravity 
on the sol-gel chemistry of silicon.  Previous studies on silica systems have found that gravity does 
affect molecular complexity of the silicon sol gel products through variations in the ratios of Q of Si 
groups and also changes in surface area [1, 2, 5, 71].  
For clarification and comparison at this point, previous studies completed by Pienaar et al. on 
silica sol-gel chemistry in varied gravity, silicon sol-gels were found to have increased mircoporous 
surface area and also increases in molecular complexity due to Q group ratio progressions to the 
more complex Q4 groups [1, 2].  These previous studies predominantly dealt with sol-gel reactions 
which solely form gels with extended molecular networks rather than forming crystalline phases.   
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In the titanium sol-gel reactions being investigated in this thesis, the product from the 
reaction was a colloidal / particulate gel.  The gelation and viscosity increase occurs as more particles 
form and start to interact as reaction solvent depletes due to evaporation.  The results of this thesis 
indicate a reverse trend of the effect of gravity to that discussed in the literature.  In fact higher 
gravity appears to have the most profound effect on crystallinity, surface area and pore size 
morphology with an increase shown by all variables.   
Of greatest significance and contribution, the work in this thesis has not only investigated 
titanium sol-gel chemistry in varied gravity which has not been previously undertaken before and 
published in the literature, but this work has demonstrated that high surface area crystalline anatase 
has been produced at relatively low temperatures (40-50oC) solely by synthesis at higher gravity 
levels in a centrifuge and also in a short timeframe (maximum 45 seconds).  Normally anatase 
produced by sol-gel synthesis would require the reactive sol to be calcined to above 450oC for 
anatase to be formed.  It should be noted that increased gravity levels during synthesis appeared to 
slow the reaction rate.  Particularly with samples made at 35 and 70 g, the fastest reaction took at 
least 45 seconds which is why all other centrifuge tests were performed at this length of time for 
continuity.               
From the experimental evidence obtained, a proposed physical reaction mechanism has been 
formulated to help explain these recorded observations and provide some further opportunity for 
discussion.  Since the main purpose of this study was to investigate the effect of gravity on Ti sol-gel 
chemistry, under normal gravity conditions convection phenomena occur due to density variations 
within a medium.  By studying titanium sol-gel reactions in reduced, normal and high gravity whilst 
keeping other reaction variables essentially constant, the effect of free convection on the reaction 
can be altered ether by reduction (low gravity synthesis) or enhancement (high gravity synthesis) 
with normal gravity conditions used as an experimental control or baseline.   
Since this reaction system involves the production of titanium dioxide particulates during the 
course of various hydrolysis and condensation reactions, an apparent difference in density arises 
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from the surrounding solvent medium.  Not only is the relative density of titanium dioxide 
significantly different from the methanol (predominate solvent medium), but also the water in the 
reaction mixture has a greater density than methanol. Under normal gravity conditions this density 
difference between methanol and water would not be particularly significant as the two fluids are 
considered miscible. 
Table 7-1- Relative density comparison summary  
Compound Density (g/cm3) 
TiO2 4.197 
H2O 1.000 
MeOH 0.785 
Table data obtained from [101, 117] 
 
However, at increased gravity levels particularly above 5 g this becomes a significant 
difference and it is believed that not only particulate segregation occurs but also water and 
methanol.  Further to this, given that methanol has a higher volatility and this is an evaporating 
system a methanol / water concentration gradient through the reaction solvent is believed to form.   
A mechanism is proposed according to the following two conditions high gravity and reduced 
gravity and a diagrammatic representation of this proposed mechanism is presented in Figure 7-1.  
In the initial reaction conditions before an experiment is initiated, the single solution precursor is 
evenly mixed.   
In low gravity conditions (Figure 7-1) as methanol evaporates from the system due to 
exposure to reduced pressure from the vacuum system; the sol-gel reaction is initiated.  Titanium 
dioxide particles begin to form due to hydrolysis reactions occurring.  In the absence of gravitational 
influence, the movement of the particles and large precursor molecules is restricted and the reaction 
appears to become diffusion limited this physically inhibits the ability of the hydrolysed species to 
interact and undergo condensation reactions.  This also limits further reaction with remaining 
titanium precursors in solution and prevents particles which have formed from increasing in size due 
P a g e  | 167 
 
 
 
to the lack of convection induced motion in the reacting fluid.  As the particles form they stay in 
place but are free to move in any direction as indicated by the 4-way arrows in the mechanism 
diagram because there is no convective influence.   
This is in distinct contrast to conditions experienced in high gravity regimes.  As the reaction 
proceeds, hydrolysis reactions are forced to completion due to the availability of water and other 
critical reactants being available and sufficiently mixed due to forced convection.  As titanium 
dioxide particles form they reach a critical size which results in the particles not being able to be 
supported by the solution viscosity.  The particles proceed to flocculate out of solution and are 
forced by gravity towards the bottom of the reaction film.  Due to the fact that water is also of a 
higher density and lower volatility to methanol, it is also believed to be forced downwards to form a 
resulting concentration gradient at the bottom of the reaction solution.  This may also offer an 
explanation as to why there is an increase in crystalline anatase being produced in higher gravity 
conditions as condensation reactions are strongly favoured in this case due to the relative excess of 
water and other remaining precursor reagents.   
This higher relative concentration of water results in hydrolysis and condensation reactions of 
the particles and precursors to reach completion with the accumulation of the “excess” water.  This 
seems to agree with the sol-gel chemical reaction proposed by Brinker et al. which states that the 
complete removal of acetylacetone and acetic acid inhibitor chelates of these precursors will only 
occur when there is a significant “excess” of water (> 10x) [27].   
Whereas the products formed in normal or lower gravity conditions are not exposed to such a 
large excess of water and partly remain as an organo-gels containing some of the precursor chelates.  
This is evident by the Infrared spectroscopy characterisation, these samples still contain a portion of 
organic compounds predominantly chelates even after drying to remove residual solvents for BET 
analysis.   
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Figure 7-1 – Titanium sol-gel reaction mechanism in varied gravity  
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Further supporting evidence that the mechanistic model proposed in this thesis study is valid, 
was confirmed by the review of a publication into the effect of varied gravity on silica colloidal or 
particulate systems by Okubo et al. [4].  The study by Okubo et al. involved both single and binary 
mixtures of silica spheres and mono-dispersed polystyrene.  Crystallisation of silica spheres was 
particularly relevant to this thesis study of titanium sol-gel systems.  Reduced gravity experiments 
conducted on parabolic flights also proved to inhibit crystallisation and hence particle growth of 
silica spheres due to the absence of downward diffusion / convection. 
 
7.3 Conclusions and Future Work 
 
There were four objectives stated in the first chapter of this thesis.  These objectives were to 
design, engineer and build two unique test systems capable of conducting experiments in varied 
gravity, develop a stable Ti sol-gel chemical precursor, conduct experiments on the Ti sol-gels in 
varied gravity, characterise and investigate the effect of gravity on the products and propose a 
physical reaction mechanism.  These four extensive objectives have been successfully completed 
during the course of the study for this thesis.  
 Increased gravity was found to have the greatest effect on the final product, most notably 
causing surface areas and crystallinity to increase significantly due to the enhancement of the 
convective field.  A novel way to potentially synthesise high surface area anatase materials at 
reduced temperatures using a centrifuge to provide increased gravity has also been demonstrated.   
Possible future work relating to this study will be to conduct further experiments at gravity 
levels between normal and 70 g, particularly in the region below 5 g to study the transition with 
increased data resolution although this would require alteration to the centrifuge pulley system to 
allow the electric motor to work sufficiently at this lower rpm.  Also of interest would be to use 
these test systems to conduct further sol-gel testing of metals precursors such as zirconium and 
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possibly investigate mixed sol-gel solutions such as silicon and titanium as there is a distinct need for 
intimately mixed metal oxides for catalysis applications.   
The experimental findings of this thesis culminated in the proposal of a physical reaction 
mechanism to explain the effect of varied gravity on the titanium sol-gel system.  Further work will 
be needed to determine a molecular level reaction mechanism in varied gravity.  As discussed in 
previous chapters including the literature review, molecular reaction mechanisms were well 
characterized in the silicon sol-gel systems through the use of silicon (29Si) NMR.  Since titanium (47Ti) 
NMR is unsuitable for this application, other characterisation techniques are required.   
It is proposed that EXAFS (Extended X-Ray Absorption Fine Structure) and XANES (X-Ray 
Absorption Near Edge Structure) may prove to be useful analytical tools for studying the molecular 
level reaction.  However, both these techniques require access to a synchrotron facility.  Using the 
data obtained from XANES Ti k-edge spectra shift in the edge spectra could be used to determine the 
oxidation state of titanium and the intensity / positions of the pre-edge peaks could be used to 
determine cation ratios if indeed there are differences between Ti4+ and Ti3+.  When coupled with 
EXAFS, the close surrounding coordination atoms can also be characterized.  Ex-situ analysis of 
samples before, during and after gelation completion would provide an insight into the structural 
transition, during the various hydrolysis and condensation reactions of the chelated and free TPT 
precursors.     
Finally an investigation into the suitability the crystalline products synthesised in this study 
should be undertaken to determine their suitability for use as a photo catalyst perhaps for water 
purification.         
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8 Appendices  
 
8.1 Reduced gravity sol-gel data acquisition system code 
 
 
//********************************// 
//   Tattletale TxBasic Program   // 
//   SOL-GEL DROP TEST SYSTEM     // 
//     by Michele Giulianini      // 
//              and               // 
//        Matthew C. Hales        // 
//    Version 2.00 05/01/2011     // 
//********************************// 
 
// Quick Description 
// Start message and test procedure 
// Step 0 waiting wire cut to start 
// Step 1 free fall delay 
// Step 2 free fall logging 
// Step 3 Data download 
// Step 4 Reset 
// Step 5 Waiting wire voltage to get ready again 
 
MODEL 800 
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//Starting welcome message and input for test message 
 
print "Welcome to today test. This will run only on system startup. Please wait while 
performing memory test..." 
   onerr ErrorLabel 
 
   MemoryTest=0 // 0 will be OK, 1 will be error 
   DataLocation=0 
   For B=0 to 1000 
    store DataLocation, #2,B 
   next B 
   DataLocation=0 
   For B=0 to 1000 
    C=GET(DataLocation,#2) 
    if B<>C MemoryTest=1 
   next B 
   If MemoryTest=1 print "Memory test failed": STOP 
   If MemoryTest=0 print "Memory test OK! Entering wire loop... See you 
later": goto Initialize 
ErrorLabel:  print "generic error": STOP 
 
Initialize:  //Initialize OUTPUT PINS 
   //PCLR(2) // On the board B8  
   Pset(2) 
   //PCLR(3) // On the board pin B7 
   Pset(3) 
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   Wire=0 
   DataLocation=0 
   Operation1Done=0 // Flag for Operation completed 
   Operation2Done=0 // Flag for Operation completed 
   Operation3Done=0 // Flag for Operation completed 
 
// Step 0 continuos query wire waiting for low voltage 
StartWireLoop:  Wire=PIN(0)// On the board pin B10 
   if Wire=128 goto StartWireLoop 
   print "PIN(0) is down!!!", Wire 
 
// Access past this point only in free fall 
 
// Step 1 Delay timer 10ms 
   sleep 100// Delay to be specified 
 
 
// Step 2 initiate data logging 
 
// Store time for differentiate starts 
   PreLoopTime=? // Storing time before the loop step 10ms 
 
// Start data logging loop 
DataLogging: burst DataLocation,3,2  // TEMP1 AD channel 0 on the board pin B19 
     // TEMP2 AD channel 1 on the board pin B18 
     // PRESSURE AD channel 2 on the board pin B17 
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//AD Conversion table 
//14416==901mV  16 counts per mV 
//20304==1269mV 
//25104==1569mV 
 
// Check time elapsed for switches activation 
LoopTime=? 
 
//Delay activation Ch. 1 
//if Operation1Done=0 if LoopTime-PreLoopTime>9 PSET(2):Operation1Done=1 
//:print "LoopTime-PreLoopTime ", LoopTime-PreLoopTime 
if Operation1Done=0 PCLR(2): Operation1Done=1 
//:print "LoopTime-PreLoopTime ", LoopTime-PreLoopTime 
 
//Deactivation Ch. 1 and Activation CH2 after 1.6 seconds 
if Operation2Done=0 if LoopTime-PreLoopTime>159 PSET(2): PCLR(3): Operation2Done=1 
//:print "LoopTime-PreLoopTime2 ", LoopTime-PreLoopTime 
//if Operation2Done=0 if LoopTime-PreLoopTime>159 PSET(3): Operation2Done=1 
//:print "LoopTime-PreLoopTime2 ", LoopTime-PreLoopTime 
//if Operation2Done=1 if LoopTime-PreLoopTime>169 PSET(2): Operation2Done=1 
//:print "LoopTime-PreLoopTime2 ", LoopTime-PreLoopTime 
 
//Deactivation Ch. 2 after 2.6 seconds 
//if Operation3Done=0 if LoopTime-PreLoopTime>269 PCLR(3): Operation3Done=1 
//:print "LoopTime-PreLoopTime3 ", LoopTime-PreLoopTime 
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if Operation3Done=0 if LoopTime-PreLoopTime>259 PSET(3): Operation3Done=1 
//:print "LoopTime-PreLoopTime3 ", LoopTime-PreLoopTime 
 
  //Continuos loop with Timeout for Data logging after 30 seconds 
  if Operation3Done=1 if LoopTime-PreLoopTime>299 goto DataLoop 
 
  goto DataLogging 
 
// Step 3 Data retrivial print on screen 
DataLoop: TotalData=DataLocation/6 
  print "Data logging completed. Total Data stored ", TotalData 
  input "Do you want to download data? ( 1 = YES, 8294 = NO (RESTART), 3528 = 
STOP) " Answer 
  if Answer<>8294  & Answer<>1 & Answer<>3528 goto DataLoop 
  if Answer=8294 print "System ready to be reset": goto ClearLoop 
  if Answer=3528 print "Terminating": STOP 
PrintLoop: DataLocation=0 
  print "TEMP1,TEMP2,PRESSURE" 
  print "TotalData",TotalData 
  for B=0 to TotalData-1 
   TEMP1=GET(DataLocation,#2) 
   TEMP2=GET(DataLocation,#2) 
   PRESSURE=GET(DataLocation,#2) 
   print TEMP1; 
   print ",",TEMP2; 
   print ",",PRESSURE 
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  next B 
  goto DataLoop 
 
// Step 4 Reset system and get ready for a new run 
 
// Loop to clear all previous data 
ClearLoop: DataLocation=0 
  For B=0 to TotalData-1 
   STORE DataLocation,#2,0 
  next B 
 
// Step 5 Reset loop continuosly quering wire voltage 
StopWireLoop: Wire=PIN(0) 
  if Wire=0 goto StopWireLoop 
  print "System is ready for another drop", Wire 
 
// Access past this point only after system reset and ready 
 
  goto Initialize 
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8.2 Matlab code for gravity vector calculations and plots 
 
 
[X,Y]=meshgrid(0:1:35, 0:1:35); 
  
%declare inclination of the cup 
alfa=(81.15*pi/180); %81.15 
D=66; %mm 
L=140;%mm 
K=0.00001118; 
rpm=212;%212 
  
[my,ny] = size(Y); 
for i = 1:my 
    for j = 1:ny 
        beta(i,j)=atan(Y(i,j)/D); 
        r1(i,j)=sqrt(Y(i,j)^2+D^2); 
        L1(i,j)=r1(i,j)*cos((90*pi/180)-(alfa-beta(i,j)))+L; 
        L2(i,j)=r1(i,j)*cos((90*pi/180)-(alfa+beta(i,j)))+L; 
    end 
end 
  
[mx,nx] = size(X); 
for i = 1:mx 
    for j = 1:nx 
         
      R1(i,j)=sqrt(L1(i,j)^2+X(i,j)^2); 
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      R2(i,j)=sqrt(L2(i,j)^2+X(i,j)^2); 
       
      RCF1(i,j)=R1(i,j)/10*K*rpm^2; 
      RCF2(i,j)=R2(i,j)/10*K*rpm^2; 
       
    end 
end 
R1 
Iflip= flipud(R2) 
  
RCF2 
Iflip2=flipud(RCF2) 
  
Z(36:71,1:36)=R1; 
Z(1:36,1:36)=Iflip; 
  
W(36:71,1:36)=RCF1; 
W(1:36,1:36)=Iflip2; 
  
Wl=fliplr(W); 
Wtot(1:71,1:36)=Wl; 
Wtot(1:71,36:71)=W; 
figure 
surface(Wtot); 
  
Glevel=mean2(Wtot) 
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8.3 Centrifuge Standard Operating Procedure 
 
1. Ensure centrifuge is on a stable and level surface and the caster wheels are in the locked 
position 
 
2. Turn on power at mains wall outlet 
 
3. Check emergency stop switch (4) is not depressed – twist to reset 
 
4. Turn on main green power switch (1) 
 
5. Green power on switch should now be illuminated 
 
6. Check centrifuge lid is closed otherwise interlock switch located under lid will prevent 
relay from   supplying power to inverter controller / motor. 
 
7. Press green start button (5) – motor inverter controller (3) will now initiate - wait until 
% speed indicator is shown (5-10secs) – red system status indicator light will also now 
be illuminated (2).  (This light will go out in the following instances – an imbalance 
triggers cut off- lid is opened after pressing green starter button or opened during 
operation).    
 
8. Press start button (5) on inverter controller and centrifuge will start rotating cup and 
rotor assembly (approx 5 secs to reach rpm max at 50% speed) 
 
9. Should an imbalance occur, a cut-off switch will be triggered and power will be cut to 
the motor, (red) imbalance light will go out. 
 
10. If centrifuge imbalances and fails to trigger kill-switch or an emergency situation occurs, 
press emergency stop button (7) this will cut power to the centrifuge system, inverter 
controller will still have power supplied to it but an error message will result on the 
display screen 
 
11. System reset – emergency stop - twist red knob on emergency stop button and start 
back at step 3. of start up procedures 
 
12. System reset – after imbalance triggered – power will still be applied to system 
therefore follow start up procedures from 6. 
 
P a g e  | 185 
 
 
 
 
Figure 1 – Centrifuge main control panel 
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Figure 2 – motor controller remote unit 
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8.4 Reduced gravity test system electrical and pneumatic schematic  
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8.5 Centrifuge electrical schematic  
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8.6 Nitrogen Adsorption Isotherms  
 
 
N2 Adsorption Isotherms Ti-centrifuge series No.1a 
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N2 Adsorption Isotherms Ti-centrifuge series No.1b 
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N2 Adsorption Isotherms Ti-centrifuge series No.2  
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N2 Adsorption Isotherms Ti-centrifuge series No.2b  
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N2 Adsorption Isotherms Ti-centrifuge series No.3 
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N2 Adsorption Isotherms Ti-centrifuge series No.3b 
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N2 adsorption isotherms normal gravity - RGTS series 
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N2 adsorption isotherms reduced gravity – RGTS series 
